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Mn(CO)57%

Eric Rose,** Julien Dubarle-Offner,” Francoise Rose-Munch® and Héléne Gérard*”

Received (in Montpellier, France) 28th February 2011, Accepted 16th August 2011

DOI: 10.1039/c1nj20178f

An [(n°®-1,2.4,5-tetramethylbenzene)Mn(CO);] " BF,~ complex treated with hydride gives a
neutral (n°-1,2,4,5-tetramethylcyclohexadienyl)Mn(CO); complex whose X-ray analysis is
described. Functionalization of the latter complex at a ““benzylic” position using a lithiation/
electrophilic quench sequence affords two regioisomers of which the major one corresponds to the
functionalization at the C9 carbon. Theoretical computations show that the regioselectivity of

lithiation is governed by the stability of the carbanion and thus by its conjugation.

Introduction

The presence of the electron-deficient Cr(CO);,' [Mn(CO); ¥ J* or
[(CsHs)Fe ™ ]? fragment attached to an arene ring decreases the
electronic density of the arene and enhances the electrophilic
character of the ligand as well as the acidity of its protons. Thus,
addition of a nucleophile Nu~ to neutral (n°-arene)Cr(CO);
and isoelectronic cationic (n®-arene)-Mn(CO);* or -FeCp™*
complexes leads to the formation of anionic [(n’-6-Nu-cyclo-
hexadienyl)Cr(CO);~]'“!¢ which can be stabilized by trapping
with CISnPh; (Scheme 1a),* and of stable neutral exo-substituted
(n-6-Nu-cyclohexadienyl)-[M] complexes [M] = Mn(CO); or
-Fe(CsHs), (Scheme 1b). The chemistry of Cr® and Mn® complexes
has been extensively developed by our group which opened an
access to a wide range of organometallic molecules.
Recently, we wondered whether the lithiation/electrophilic
quench sequence method which allows functionalization of
the ring of (n’-cyclohexadienyl)Mn(CO); complexes® could
be applied to substitute “benzylic” positions, i.e. the positions alpha
to the n°- system. Indeed, the study of the benzylic position has
already been reported for the cationic [(n°-alkylarene)Mn(CO);]
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Scheme 1 Addition of Nu~ to (a) (n®arene)Cr(CO); complexes,
(b) M = Mn(CO); ", Fe(CsHs) "

complexes’ and has been well developed in the (n°-arene)Cr(CO);
series® as well as in the [(n®-alkylarene)(n>CsHs)]Fe " series.’
Deprotonation of organometallic complexes at a benzylic position
of [(n®-alkylarene)Mn(CO);]" complexes readily occurred
using a large excess of a strong base.”*” The authors observed
the formation of (n°-pentamethylbenzyl)Mn(CO); complexes
presenting a highly activated exocyclic double bond
(Scheme 2).

Very recently, we reported a lithiation/electrophilic quench
sequence at a “benzylic”” position of (n’-tetramethyl) and (n°-
pentamethyl)-6-exo-phenylcyclohexadienyl)Mn(CO); complexes 3
and 4 obtained by addition of PhMgBr to (n°-tetramethyl)- and
(n®-pentamethyl)-benzeneMn(CO); " complexes 1 and 2
(Scheme 3).

In both cases, as evidenced by NMR and X-ray analyses, we
observed a regioselective deprotonation at the methyl groups
C9 or C10 (Scheme 3) substituting the C2 or C4 carbons of the
cyclohexadienyl ring eclipsed by a Mn—CO bond by trapping
the lithiated product with different electrophiles (CISiMes,
PPh,Cl and DMF).!°
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Scheme 2 Deprotonation of [(n°-alkylarene)Mn(CO);] " complexes.
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Scheme 3 Lithiation of (n’-tetramethyl)- and (n’-pentamethylcyclo-
hexadienyl)tricarbonylmanganese complexes.
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Scheme 4 Theoretically studied complexes.

Here we report on the synthesis and structure of the (n°-
1,2,4,5-tetramethylcyclohexadienyl)Mn(CO); complex 7 bearing
two hydrogen atoms at the sp® carbon and the study of its
deprotonation. The results obtained are then analyzed on a
theoretical basis using computations on the lithiation products
of compound 7 compared to those of pentamethyl derivative 8
and non-methylated compound 9 (Scheme 4). Steric effects due
to the Ph group substituting H at C6 in 7 (yielding, respectively,
compound 3) are also examined (see below).

Results and discussion

The [(n%-1,2,4,5-tetramethylbenzene)Mn(CO);] * BF,~ complex 1,
obtained in 90% yield using the “‘silver (1) method” with
BrMn(CO)s and AgBF,  and the corresponding free
arene,'®!! treated with LiAlH, afforded the (n’-tetramethyl-
cyclohexadienyl)Mn(CO); complex 7 in 66% yield. Pleasingly,
monocrystals of complex 7 were readily obtained by slow
evaporation of a diethylether/pentane solution of the complex.
The ORTEP view shown in Fig. 1 indicates an n°-cyclohexa-
dienyl structure, with five coplanar sp> carbons and the
remaining sp> carbon located 42.6(1)° above this plane. The
conformation of the Mn(CO); tripod is in agreement with
what is usually observed, the sp’ carbon being eclipsed by one
Mn-CO bond.”***% The Mn-C bond lengths lie in the range
2.1145(15) to 2.2235(16) A with the Mn—C3 bond being the
shortest one. Crystal data are gathered in Table 1.

A lithiation/electrophilic quench sequence was performed on
(m°-1,2,4,5-tetramethylcyclohexadieny)Mn(CO);  complex 7
under the same experimental conditions as those for deprotona-
tion of benzylic positions of n’-6exo-Ph-methylcyclohexadienyl

Fig. 1 Molecular structure of complex 7 with thermal ellipsoids at
the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A): Mn—-Cl1: 2.2218(16); Mn—C2: 2.1536(15);
Mn-C3: 2.1145(15); Mn-C4: 2.1575(15); Mn-C5: 2.12335(16);
Mn-C6: 2.7445(19); CI1-C2: 1.396(2); C2-C3: 1.414(2); C3-C4:
1.419(2); C4-C5: 1.389(2); C5-C6: 1.506(2).

Table 1 Crystallographic data and details of the refinement of the
structure of 7

Complex 7
Empirical formula C3H 5sMnO;
Formula weight 274.19
Temperature/K 200(2)
Wavelength/A 0.71073
Crystal system Monoclinic
Space group P2y/c
alA 11.887(1)
b/A 9.228(2)
c/A 12.585(3)
of 90
pl° 108.932(7)
W, 90
VA3 1305.8(4)
Z 4
Dcalculated/mg m73 1395
w/mm~! 1.004
F(000) 568
Crystal size/mm 0.3 x 0.15 x 0.1
Diffractometer k-CCD
0 range/° 3.62 to 30.00
Limiting indices -16 <h <13
-12<k<8
-17<1<17

Reflections collected/unique
Refinement method Full matrix square on F
Data/restraints/parameters 3772/0/158
Goodness-of-fit on F> 1.05

10505/3772[R(int) = 0.0303]

Final R indices [I > 26(I)] R' = 0.0333
wR> = 0.0727
R indices (all data) R' = 0.0593
. wR* = 0.0801
Largest difference in peak/hole [e A™] 0.297 and —0.234
CCDC deposition number 812616

derivatives 3 and 4.'° It appeared that deprotonation of complex
7 could be achieved at low temperatures and that the
corresponding “‘benzylic” carbanion was stable up to —20 °C.
The best conditions for this lithiation/electrophilic quench se-
quence correspond to the following protocol. Introduction of
4 equivalents of nBuLi and TMEDA at —40 °C in solution of
complex 7 in THF, 1 h at —40 °C, then introduction of the
electrophile, again 1 h at —40 °C followed by warming the
reaction mixture to rt within 1 h. Chlorotrimethylsilane and
chlorodiphenylphosphine were tested as electrophiles. Chromato-
graphy on silica gel afforded in each case two mono-function-
alized regioisomers at the C7 and C9 carbons in the 3: 1 ratio
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Scheme 5 Lithiation/electrophilic quench sequence on complex 7.

as evidenced by NMR spectroscopy. These new complexes 10,
11 and 12, 13, which could not be separated, were isolated in
73 and 82% yields respectively (Scheme 5). As previously
observed, no product due to the lithiation of the cyclo-
hexadienyl ring at the C3 carbon was formed.

The origin of the experimentally observed regioselectivity
was examined using theoretical computations on the lithiation
products (Schemes 3 and 4) of tetramethyl derivatives 3 and 7.
Comparison to the pentamethylated derivatives 4 and 8 and to
the compound without the methyl group 9, which was examined
in our previous studies,’ will be proposed for better
understanding.

In a first step, the three complexes 7, 8 and 9 were geometrically
optimized and their geometric, energetic and electronic properties
were examined to evaluate the effect of the Me substituents on
the geometrical properties of these species (Table 2 and
Cartesian coordinates in ESIZ). In all three cases, the distances
of the Mn center to the cyclohexadienyl carbon atoms decrease
as the carbon is further from the sp3 center; in addition, the
distances for a given carbon lie within 0.03 A between the three
complexes, which highlights the small effect of the Me groups
on the geometrical properties of the cyclohexadienyl moiety.
In contrast, a clear cut electronic effect is evidenced using
charge and frequency analysis. The larger the number of
methyl groups the more negative the charge at the Mn(CO);

Table 2 Mn-C distances (in A), Miilliken (gn) charges of the
Mn(CO); moiety (in electrons) and the three harmonic vco vibrational
frequencies (in cm ™!, repeated when equal from degeneracy) for three
of the complexes described in Scheme 5

7 8 9
Mn---Cl 2.282 2.267 2.265
Mn. --C2 2.200 2.193 2.172
n--C3 2.144 2.170 2.158
m(Mn(CO)3) ~1.34 ~1.44 ~0.88
Yo 2008 2005 2024
2010 2006 2024
2072 2068 2087

Table 3 Energies (in kcal mol™!, computed with respect to the cis
product with Li at the C7 benzylic carbon) of the lithiated regio-
isomers at the C7, C9 and C3 carbons of 7 and at C7, C9 and C11 of 8
for the two possible spatial arrangements as well as energies computed
with respect to the anionic product deprotonated at the C7 benzylic
carbon of the anionic form optimized in the absence of any Li™
counterion. Energies in parentheses are computed in the presence of a
continuum model for solvation by THF

Regio. C7 Cc9 C3 Cl11
7 Trans 11.7 (6.8) 16.3 (14.7) 19.2 (20.2) —
Cis 0.0 (0.0) 10.5 (12.1) —
Anion 0.0 12.4 36.7 —
8 Trans 12.5 17.4 — 21.0
Cis 0.0 10.7 — 16.2
Anion 0 12.2 — 16.7

center'? and, coherently, the smaller the CO vibrational
frequencies. This highlights the noticeable donor effect of the
Me groups toward the cyclohexadienyl unit and thus to the
manganese atom.

Reaction products of these three complexes toward lithia-
tion were then examined. In order to represent to the best the
experimentally formed species, benzylic H atoms number 7, 9
and 11, Scheme 4, were replaced by a Li cation coordinated to
a Me,N-CH,-CH,NMe, ligand (TMEDA) so that both
steric and electronic effects are evaluated. Under these condi-
tions, no additional molecule can be added to lithium due to
the steric hindrance of the TMEDA ligand so that further
explicit solvation of the molecule is necessary.

When lithiation takes place at a benzylic carbon, two coordi-
nation modes can be proposed for the lithium cation: either
under the cyclohexadienyl plane, cis to the Mn(CO); moiety, or
above the cyclohexadienyl unit frans to the Mn(CO); tripod.
When lithiation takes place at the arylic position (C3 in 7), the
lithium cation lies within the cyclohexadienyl plane and only one
isomer is obtained. Both arrangements were computed in the
case of 7 and 8 for the three possible regioisomers and results are
gathered in Table 3, represented in Fig. 2 and Cartesian coordi-
nates are given in ESI.1

Considering the cis/trans spatial arrangement of the lithium
binding, it appears that the lithiation product cis to the
Mn(CO); moiety is always more stable than the trans one.
In contrast, shorter Li—-C bonds are observed for the trans
conformers (between 2.08 and 2.18 A) than for the cis
conformers (between 2.21 and 2.34 A). This side preference
is found to be unaffected by the adjunction of a continuum
model for solvation by THF. This conformation preference
can be easily understood on the basis of the electrostatic
properties of the complexes 7 and 8, as illustrated by the
dipole moment and the electrostatic potential associated with
complex 8 (see Fig. 3): the side of the ring trans to the
Mn(CO); moiety is the more positively charged'® and on the
positive side of the dipole so that binding of the lithium cation
is clearly preferred cis to the Mn(CO); moiety.

Transfer of this side preference from the H substituted 7 and
8 to 3 and 4, where C6 is substituted by R’ = Ph instead of H,
is straightforward as the less stable conformer (zrans) is also
more destabilized by the steric hindrance due to the Ph
substituent. Quantitative evaluation of steric effects between
the R’ group and the Li(TMEDA) moiety is nevertheless
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Fig. 2 Cis and trans spatial arrangements of the regioisomers of
Table 3 (a) 7, (b) 8 (energies in kcal mol™! in parentheses).

obtained. This is done by examining the stabilities of the two
regioisomers in the frans arrangement (Li at C7 and C9)
relative to that of the regioisomer with Li at C3 in compounds
7 (R” = H, no steric effect expected) and 3 (R’ = Ph, Table 4).
Indeed in these reactants, lithiation in position 3 takes place at

(@) (b)

Fig. 3 Electrostatic properties of 8. (a) Electrostatic potential
mapped on the electron density isosurface (isodensity value = 0.04,
more positive regions in blue and more negative regions in red).
(b) Dipole moment direction (carbon atoms in green, hydrogen in
white, oxygen in red and manganese in blue).

Table 4 Effect of the substituent R at C6 on the relative energies of
the lithiation products of 3 and 7 in the trans arrangement (computed
with respect to the product of lithiation of Li at the C7 carbon in the
trans form, in kcal mol™")

R’ Liat C7 Liat C9 Li at C3
7 H 0.0 +4.6 +7.5
3 Ph 0.0 +3.2 +7.6

the arylic position, for which only one arrangement is possible
(lithium bonded in the plane), and little steric effects between R’
and the Li(TMEDA) moiety are expected. As little or no change
in the energy difference between Li at the carbon C7 and Li at the
carbon C3 or C9, Table 4, can be observed upon transformation
of a R’ = phenyl into a R’ = hydrogen in the trans products, it
can be concluded that there is no significant steric effect between
Li(TMEDA) and the phenyl substituent located at C6. As no
effect of R’ is found in the case of the trans product and as no
effect is expected in the cis ones, the change in the regioselectivity
of the reaction observed experimentally when replacing a phenyl
group by a hydrogen cannot be justified by the difference in the
stability of the lithiation product.

Lithiated products in the cis arrangement will thus be
considered in the rest of our study. The relative stabilities of
the three regioisomers are the following: Li7 < Li9 < Li3
(where < stands for “more stable”). This order is found to be
unaffected by inclusion of implicit solvation in the case of
compound 7 (see Table 3). The product lithiated in position 7
is preferred by over 10 kcal mol™", which should be associated
to a fully selective lithiation in this position if this intermediate
is the source for regioselectivity. As this preference is expected
to be independent of the nature of the substituent at C6 (see
above), recovery of products substituted in position 7 should
be favoured under thermodynamic control of the lithiation step
for both 7 and 8. Comparison of experimental results gives
interesting insights within these results. Indeed, from compu-
tational data, lithiation on the benzylic carbon 7 or 8 should
always be preferred, either for 3 and 7 or for 4 and 8. As the
energy difference between the most stable intermediate and the
other possible one is large, we can trust the computationally
predicted selectivity and thus propose that recovery of products
substituted on the carbon 9 or 10 results from a kinetically
controlled lithiation sequence. These kinetic products are the sole
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products in the presence of a R’ = phenyl in position 6 on the
cyclohexadienyl moiety (Scheme 3). When R’ = H, further
equilibration of the kinetic product, i.e. the product of lithiation
at C9 or C10, leads to the 3/1 ratio of products as shown in
Scheme 5. This equilibration is believed to be incomplete.

We learned more about this regioselectivity by performing
the reaction using CISiMe; as an electrophile at lower tem-
perature. Indeed, at —78 °C, instead of —40 °C, the NMR
spectrum of the crude mixture indicates the presence of only
one regioisomer 11 at the C9 carbon, in the presence of the
starting material as the major product. This confirms that
lithiation at the benzylic carbon C9 is under kinetic control
while the preference for the lithiation at the benzylic carbon
C7 results from a thermodynamic control.'*

Another remarkable point is that lithiation at the site opposite to
the sp3 carbon is disfavoured over all other lithiations, whatever the
compound (and thus the nature of the site, arylic vs benzylic) at
stake. Both benzylic C11 and arylic C3 lithiations are disfavoured by
19.2 and 16.2 keal mol ™", respectively, with respect to the lithiation
in position C7 (Table 3). This justifies the total absence of substitu-
tion at the carbon C3 in the course of the experimental procedure.

Understanding of the high energies for regioisomers
lithiated at C3 and C11 was obtained by decomposing the
lithiation process energies in two effects: (i) impact of the
lithium counterion; (ii) intrinsic stability of the deprotonated
species. In order to apply this decomposition scheme, the
deprotonated species have been computed (Cartesian coordi-
nates are given in ESIf) and their relative stabilities are
compared to those of the lithiated species. As shown in
Table 3, the relative stabilities of the anions in 8 (0.0, 12.2
and 16.7 kcal mol™' for the C7, C9 and Cl1 deprotonated
species respectively) follow exactly those of the cis lithiated
species in 8 (0.0, 10.7 and 16.2 kcal mol™! for the C7, C9 and
C11 lithiated species respectively) whereas in 7 additional
destabilization (from +19.2 to +36.7 kcal mol™') is obtained
in position 3 only by removing the counterion: lithium
coordination to the arylic position is thus more stabilizing
than to the benzylic position. This is associated to a shorter
Li—C bond in the arylic position (2.04 A) compared to those
obtained in the benzylic position, either in trans (2.08 /OX) or
even more in cis (2.21 1&) conformations. This can be con-
nected to delocalization of the lone pair when deprotonation
takes place in the benzylic position: the electrons of the
carbanion are thus less adapted to ensure lithium binding.
This is in line with the long Li—C distances observed in this
compound, characteristic of clearly ionic and delocalized
Li- - -C distances. Another origin can be the strong elongation
and thus partial breaking of the Mn- - -arylic carbon bond
observed upon deprotonation at the corresponding benzylic
position.'*

Nevertheless, the major effect determining the relative stability
of the lithiated species is the intrinsic stability of the carbanion
formed. This effect (referred to ii in the paragraph above) can
be examined using isodesmic reactions allowing us to compare
the deprotonation of species 7 or 8 with that of the analogue 9
bearing no methyl group at all on the cyclohexadienyl ring,
which is used as a reference (Fig. 4). The aim of this reaction is
not to reproduce a true chemical process but to compare the
relative stability of the anionic forms. The adjunction of the

=00 O

(OC)gMn (0C);Mr (©C)sMri’ ©C)aMii-

Overall transfer
©oMi g (OC)3Mn (OC)SM" (OC)3Mn
+15.1\‘H+ transfer Conjugation /34-1
H 7~

Mo, A
-

i + |

(oc)M/' TS | )M 9
3Mn

Fig. 4 Deprotonation energies (kcal mol™") for compounds 9, 7 and
8 in positions C3 and CI11. For 8 (2 bottom lines) the transition state
(TS) for rotation of the CH,™ moiety is used as an intermediate state
to decompose the overall deprotonation in two steps.®!>

four Me groups does not alter significantly the stability on the
anion in the arylic position 3 as shown by the very small
energy for the isodesmic proton exchange reaction between
deprotonated 9 and 7. In conclusion, thermodynamically, the
anionic structure is not less stable in 7 than it is in 9, for which
deprotonation in position 3 was observed experimentally
together with deprotonation in position 2 in the ratio
20:80.% The proton exchange between the arylic position in
9 and the benzylic position in 8 is then examined (Fig. 4,
bottom). The benzylic anion is found to be favoured by nearly
20 kcal mol™! over the arylic position. The origin of this
preference can in turn be decomposed in two terms, as shown
by the cycle at the bottom of Fig. 4. A structure, in which
there is no conjugation of the carbanion with the ring as the
CH, moiety is perpendicular to the cyclohexadienyl plane, has
been located: ®*'> it is searched as a transition state for
rotation along the C3—C11. The minimum is the conjugate
form and the transition state the non-conjugated one, the
difference between both can be used as an evaluation of the
conjugation energy of the anionic double pair with the cyclo-
hexadienyl moiety. A 34.1 kcal mol™' value is found for
conjugation (Table 5 and Fig. 4). The energy for the proton
exchange between this transition state anion and 9 can thus be
considered as the energy difference between abstraction of a
H" from a non-conjugated sp* carbon and a sp® carbon. As
expected, the sp? anion is the more stable structure by
15.1 kcal mol™". The negative value for the isodesmic reaction
for proton transfer between the anionic form of 9 and 8 is thus
due to the stabilization of the carbanionic form of 8 by
conjugation.

This same decomposition (H" transfer to a transition state
followed by conjugation, see Fig. 4, bottom) can also be used to
examine the origin of the regioselectivity. H" transfer in position
C7 is slightly more energetic than in positions C9 and Cl11, but
the difference is less than 6 kcal mol~!. In contrast, strong
differences can be observed in the conjugation term: conjugation
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Table 5 Energies (kcal mol™") for the proton transfer sequence (see
Fig. 4, bottom for description, compound 9 deprotonated in position 3
is used as a transfer reference in all cases) of 8 in positions 7, 9 and 11

C7 C9 Cl1
H™ transfer +19.8 +16.0 +15.1
Conjugation +55.5 +39.5 +34.1
Overall transfer —-35.7 -23.5 —-19.0

in position C7 is much stronger than in position C9 or Cl1,
thus leading to the experimentally observed thermodynamic
preference for position C7.

In summary, a neutral (n°-1,2,4,5-tetramethylcyclohexadienyl)-
Mn(CO); complex 7 has been prepared and characterized by
X-ray crystallography. Its reactivity toward a strong base has
been studied. Thus, deprotonation of 7 at a ‘“‘benzylic”
position using a lithiation/electrophilic quench sequence affords
functionalized complexes 10—13. The reaction is not regioselective
and the experimental results can be interpreted by a kinetic
deprotonation at the C9 benzylic carbon at very low tempera-
tures whereas thermodynamic equilibration leads to major
deprotonation at the C7 benzylic carbon at higher tempera-
tures. This is confirmed and decomposed in terms of lithium
binding and electron delocalization by theoretical computa-
tions on the lithiation products of compound 7.

Experimental section

Syntheses

[(n%-1,2,4,5-Tetramethylbenzene)Mn(CO)s] " BF,~ complex
1."° The “silver (1) method” using BrMn(CO)s, and AgBF,~
and the corresponding free arene was used.'® In a Schlenk tube
is introduced successively AgBF, (0.973 g, 0.5 mmol),
BrMn(CO)s (1.374 g, 0.5 mmol), dry freshly distilled CH,Cl,,
10 mL under Ar and the mixture is stirred for 2 h under reflux.
Distilled tetramethylmethylbenzene (2.682 g, 0.5 mmol) is
added and the reaction mixture stirred under reflux for 16 h.
The solution is cooled and filtered on Celite and concentrated
under a N stream. It is better to avoid evaporation of all the
solvents under reduced pressure because the yield decreases
dramatically. The resulting solution is mixed with diethylether
and the complex precipitates as a yellow powder (1.620 g,
0.45 mmol, 90% yield). IR (neat) 2058, 1994 cm~' Mn—CO.
'"H NMR, 200 MHz, C;D0, 6 2.54 (s, 12H, Me), 6.83 (s, 2H,
ArH). 3C NMR (100 MHz, C;D¢0): 6 17.5 (CH3), 103.5 (C3
and C6), 115.4 (C1, C2, C4, C5), 217.3 Mn(CO). HRMS (ESI,
positive mode): m/z caled for C,3H,MnO; ", 273.0323; found,
273.0318. Anal. caled for C;3H;sMnOs;BF,: C, 37.01; H,
3.34%:; found: C, 36.89; H, 3.22%.

(1°-1,2,4,5-Tetramethylcyclohexadienyl)Mn(CO); complex 7.
[(®-1,2,4,5-Tetramethylmethylbenzene)Mn(CO)s] " BF,~ complex 1
(0.360 g, 1 mmol) in dry THF (10 mL) treated with an excess
of LiAlH,4 (19 mg, 0.5 mmol) at —78 °C afforded a yellow solution
which was stirred for 2 h. HCI (1 M, 1 mL) is added and the reaction
mixture was treated with Et;O (20 mL). The organic phase is poured
into a saturated NaCl aqueous solution (20 mL) and the resulting
organic phase dried over MgSO,. The solvent was removed under
reduced pressure and purified on 15-40 um silica gel with petroleum
ether, PE, which yields the (n*-tetramethylcyclohexadienyl)Mn(CO);

complex 7 (182 mg) in 66% yield. IR (neat) 1997, 1901 cm ™! Mn—CO.
"H NMR, 200 MHz, CdCl, 6 1.58 (s, 6H, Me’, Me®), 1.85 (s, 6H,
Me’, Me'®), 2.41 (d, J = 13 Hz, 1H, H**), 2,51 (d,J = 13 Hz, 1H,
H%9°), 543 (s, 1H, H?). Anal. caled for Cj3H;sMnO5: C, 56.94; H,
5.51%; found: C, 56.78; H, 5.34%.

(n°-1-Trimethylsilylmethyl-2,4,5-trimethylcyclohexadienyl)-
Mn(CO); and (n°-2-trimethylsilylmethyl-1,4,5-trimethylcyclo-
hexadienyl)Mn(CO); complexes 10 and 11. (n>-1,2,4,5-Tetra-
methylcyclohexadienyl)Mn(CO); complex 7 (0.274 g, 1 mmol)
is dissolved in freshly distilled dry THF (10 mL). Distilled
TMEDA (4 equiv.) is added and the solution cooled down at
—78 °C. n-BuLi (1.6 M in hexane, 4 equiv.) is added slowly and
the reaction mixture stirred for 2 h at —40 °C. Then an excess
of CISiMe; is added (0.434 g, 4 equiv.) and the reaction
mixture is stirred for 2 h at —40 °C and then at rt for 2 h.
Then water is added. In this flask, Et,O is poured and the
organic phase recovered and washed with a saturated aqueous
NaCl solution and dried over MgSQ,. The solvent is removed
under reduced pressure and the crude material purified by a
silica gel chromatography column. Using a 9:1 mixture of
PE/Et,0 we eluted complexes 10 and 11 in 73% yield in the
ratio 3:1, 0.253 g. HRMS (ESI, positive mode): m/z
369.0689 M + Na™, calcd for C;4H»3MnO5SiNa: 369.0695.
Anal. caled: C, 55.48; H, 6.69%; found: C, 55.32; H, 6.49%.
IR (neat) v (cm™'): 1996, 1898 [Mn(CO;)]. Complex 10 'H
NMR (200 MHz, CdCl3): 6 0.00 (s, 9H, SiMes), 1.55 (m, 8H,
CH,, Me® and Me'?), 1.85 (s, 3H, Me®), 2.42 (d, J = 13 Hz,
1H, H®*°), 2.52 (d, J = 13 Hz, 1H, H*"°), 5.41 (s, 1H, H?).
Complex 11 'H NMR (200 MHz, CdCl3): & 0.11 (s, 9H,
SiMes), 1.55 (m, 8H, CHa,, Me’ and Meg), 1.80 (s, 3H,
Me'®), 2.40 (d, J = 13 Hz, 1H, H**°), 2.50 (d, J = 13 Hz,
1H, H®"d9) 527 (s, 1H, H?).

(n°-1-Diphenylphosphinomethyl-2,4,5-trimethylcyclohexadie-
nyh)Mn(CO); and (n’-1,4,5-trimethyl-2-diphenylphosphino-
methylcyclohexadienyl)Mn(CO); complexes 12 and 13. (n°-
1,2,4,5-Tetramethylcyclohexadieny)Mn(CO);  complex 7
(0.274 g, 1 mmol) is dissolved in freshly distilled dry THF
(10 mL). Distilled TMEDA (4 equiv.) is added and the
solution cooled down at —78 °C. n-BuLi (1.6 M in hexane,
4 equiv.) is added slowly and the reaction mixture stirred for
2 h at —40 °C. Then an excess of CIPPh, is added (2.20 g,
10 equiv.) and the reaction mixture stirred for 2 h at —40 °C
and then at rt for 2 h. Then water is added. In this flask, Et,O
is poured and the organic phase recovered and washed with a
saturated aqueous NaCl solution and dried over MgSQOy. The
solvent is removed under reduced pressure and the crude
material purified by a silica gel chromatography column.
Using a mixture of PE/Et,O in the ratio 9:1 we eluted
complexes 12 and 13 in 82% yield in the ratio 3:1, 0.376 g.
HRMS (ESI, positive mode): m/z 481.0737 M + Na ™, calcd
for C,sH4MnOs;PNa: 481.0741. Anal. caled: C, 55.48; H,
6.69%; found: C, 55.32; H, 6.49%. IR (neat) v (cm™'): 1998,
1905 [Mn(CO5)]. Complex 12 '"H NMR (200 MHz, CdCls):
5 1.49 (s, 3H, Me®), 1.54 (s, 3H, Me'?), 1.83 (s, 3H, Me’), 2.45
(d, J = 13 Hz, 1H, H**), 2,55 (d, J = 13 Hz, 1H, H®"%°),
270 (d, J = 12 Hz, 1H, H), 2.90 (d, J = 12 Hz, 1H, H),
5.35 (s, 1H, H%), 7.45 (m, 10H, PPh,). Complex 13 '"H NMR
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(200 MHz, CdCly): 6 1.28 (s, 3H, Me”), 1.29 (s, 3H, Me®),
1.74 (s, 3H, Me'?), 2.43 (d, J = 13 Hz, 1H, H**°),2.53(d, J =
13 Hz, 1H, H*"°) 280 (d, J = 12 Hz, 1H, H%), 2.87 (d, J =
12 Hz, 1H, H®), 5.10 (s, 1H, H*), 7.45 (m, 10H, PPh,).

Computational details

Full geometry optimizations were systematically conducted

with no symmetry constraints using the Gaussian 03 pro-

gram'” within the framework of the Density Functional

Theory (DFT) using the hybrid B3LYP exchange—correlation
functional'® and the 6-31+G(d,p) basis set for all atoms
including Mn as implemented in the Gaussian program.
Frequencies were evaluated within the harmonic approxima-
tion and used unscaled to confirm the nature of all minima (no
complex frequency and fulfilment of the criteria on the forces)
having two H atoms on C6 (frequencies for compounds
derived from 3 with a phenyl group at C6 were not computed).
For key structures, importance of adding an implicit solvation
was examined using single point computations on gas phase
optimized geometry. For these computations, the PCM model
using the dielectric constant implemented for THF (eg = 7.58)
and the default implemented in Gaussian 03 are used.'®
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