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Geometry optimizations of the [Mm*-(Me3Si),CsH3} 5]~ anion and its parent anion [Mip{-CsHs)3] ™
in the high-spin oIS = 5/2 state at the BP86/AEL level of theory yielded the mixed hapticity structures
[Mn{773-(Me38i)2C3H3}{771-(M63Si)2C3H3)2}]_ and [Mn(nS-C3H5)(771-CgH5)2]_ (1-HS and 2-HS, respec-
tively). These calculations revealed that the silyl substituents it have very little influence on the
hapticities of the ligands and the asymmetric bonding ofstionded ligand, suggesting that these
structural features are intrinsic to the complex. Natural population analyses and calculations of Wiberg
bond indices forl-HS indicate predominantly ionic bonding between manganese ang®thended
ligands, while there is increased covalent character in the bonds 18-thended ligands. Investigations
of the related intermediate-spin forms of these complexes for wBich 3/2 afford structures of
Composition [MI’{?]3-(ME3Si)2C3H3}2{ﬂl-(Me3Si)2C3H3) }]7 (1-|S) and [Mn(;73-C3H5)2(171-C3H5)]* (2-
IS), in which one of the allyl ligands has slipped from &ah to #*-bonding mode with a concomitant
decrease in the manganes@&arbon distances, and which again reveals essentially no dependency of
hapticity upon the spatial requirements of the silyl substituents. The relative enerdi¢43)f1-IS, and
the low-spin statel-LS (for which S = 1/2) at both the BP86/AEL1 and B3LYP/AEL levels of theory
revealedl-HS and1-LS to be the most and least stable formdlpfespectively, with the energy GfLS
being prohibitively high at each level of theory. A reinvestigation of the experimental magnetic
susceptibility of the ion-separated species [LiffiRIn{#7°-(Me3Si),CsHz}{1*-(MesSi),CsHs),} ], [Li-
(thf)4][1], yielded a Curie constant that indicated the presence &=ar8/2 spin state for the Mn(ll) ion.

Introduction (1) allyl complex, [Mn{ 73-(Me3Si),CsHz} { *-(MesSi),CsHa} 5]

Since the discovery of manganocene 2@p, in 1954, the [Li(thf) 4], [1][Li(thf) 4], was reported.

organometallic chemistry of manganese in the oxidation state

. S L S)
+2 has been dominated by the ubiquitous cyclopentadienide ' .
ligands? The reluctance of manganese(ll) to form stable Meaﬁyﬁ\sﬁms _‘
complexes with neutrat-acidic ligands such as carbon mon- Me,Si Mn SiMes
oxide and olefins has been rationalized in terms of the preference L /
of this metal ion to engage in ionic bonding. A similar paucity SiMe;  SiMes ™)

of complexes in which manganese(ll) i#sbonded to other,

formally anionic ligands is, however, less readily explained, and  pye to the radially contracted nature of the valence 3d orbitals
despite the many similarities between the cyclopentadienide andyithin complexes of manganese(ll), the methgand bonds
allyl (or “propenide”) ligands, the allyl chemistry of manganese- in the pseudo-tetrahedral complex were assumed to be
(1) has evolved at a much slower pace. Indeed, an early review predominantly ionic in nature; hence the mixed hapticity of the
article even described the understanding of manganese(ll) allyl allyl ligands was particularly noteworthy since ionic metal allyl
chemistry as “obscure® The situation became somewhat less complexes typically exhibit a preference for eiti@bonding,
obscure when the first structurally authenticated manganese-such as in the case of magnesibimr;, 3-bonding, such as in
the case of the alkali and lanthanide metélbut the occurrence
*To whom correspondence should be addressed. E-mail: Of both bonding modes simultaneously is rare. Asymmetry in
ral34@cam.ac.uk; buehl@mpi-muelheim.mpg.de. the Mn—[r3-(MesSi),C3Hs] connectivity of 1 was revealed
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(4) A, with the central Mr-C distance being 2.348(3) A, a

structural feature that has also been observed in the structures

of some allyl complexes of the alkali and transition metéls.
The Mn-C distances to thejl-bonded ligands inl were

essentially identical at 2.184(4) and 2.187(4) A. The presumed

importance of kinetic factors in the stability @f by virtue of

the voluminous trimethylsilyl substituents, led to the assertion
that the mixed;3nty! hapticities and the asymmetry of the
Mn—[r3-(Me3Si),C3H3] bond were probably due to the steric
requirements of the ligand periphery, although involvement of

crystal-packing effects could not be discounted since they are

known to be able to influence ligand hapticities in polar/ionic

organometallic§. Temperature-dependent magnetic properties

bestowl with additional interest: b K the effective magnetic
moment,uer, IS equal to 2.9 and increased steadily with
temperature to reach 4.0@ at 300 K. This observation was
attributed to a gradual population of the high-sBi+ 5/2 state

of Mn(ll) at the expense of the low-spi& = 1/2 state and is
qualitatively similar to the magnetic properties of the previously
reported [(>-Cp)xMn]~ anion and several substituted derivatives
of manganocen? In addition to the interest in the fundamental
properties of tris-(organo)manganate anions sudh g3psMn] -,
and theo-bonded complex [Me#n]~ (Mes = mesityl) 10

compounds of this type are increasing in popularity as alternative

carbanion sources in organic and organometallic synthésis.

Despite the quantitative structural information available for
the anionl, a number of fundamental questions about the-allyl
manganese(ll) connectivity remain to be addressed. To develo
an understanding of the nature of the manganedlgl bonding
in complex1 and the factors upon which its molecular structure
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Figure 1. Structure ofl-HS calculated at the BP86/AEL level of
theory. For clarity, only the allyl hydrogens are shown.

Computational Details

Geometries were fully optimized at the BP86/AEL level, i.e.,
employing the exchange and correlation functionals of B&cked
Perdewt? respectively, together with a fine integration grid (75
radial shells with 302 angular points per shell), the augmented
Wachters’ basi$ on Mn (8s7p4d), and 6-31G* basion all other
elements. This and comparable DFT levels have proven quite
successful for transition metal compounds and are well suited for
the description of structures, energies, barriers, and other proper-
ties1® The unrestricted KohnaSham formalism was employed
throughout. Spin contamination was small for sextet and quartet
states, witH&[values up to ca. 8.78 and 3.87, respectively (instead

and magnetic properties depend, we have undertaken a density¢ the expected 8.75 and 3.75), and was significantly larger for

functional theory (DFT) investigation into the [NIn*-(Mes-
Si),C3H3)3}]~ anion and its unsubstituted “parent” anion [Mn-
{n*-C3Hs)3}]~ (2) and on the basis of the results of these

doublet states (up to 1.65 instead of the expected 0.75). Single-
point energies were evaluated for the BP86/AE1 geometries at the
B3LYP/AEL level, that is, using the functionals according to Becke

calculations have undertaken a more detailed examination of (hybrid)!” and Lee, Yang, and Pat All computations employed

the magnetic properties of the previously reported comdgx [
[Li(thf) 4].
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the Gaussian 03 program packd§e.

Results and Discussion

Initial geometry optimization of the [Mny*-(MesSi),CsHa3)3} ]~
anion in the high-spinS = 5/2 state {-HS) was started from
the X-ray-derived coordinates of the ion in the sdlitNo
qualitative changes of this structure (such as hapticities of the
ligands) occurred during minimization, and the final, optimized
structural parameters are in good agreement with experiment.
An interesting result is the enhanced asymmetry in the bonding
of the [i73-(MesSi),C3H3)3] ligand to Mn(1) in1-HS. The Mn-
(1)—C(1) and Mn(1)-C(3) distances were calculated to be 2.488
and 2.365 A, respectively, with the difference of 0.123 A
comparing to a somewhat smaller analogous difference of 0.072
A found in the experimental structure bfFigure 1 and Table
1).
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Table 1. Selected Bond Lengths (A, BP86/AEL level) for 1-HS, 2-HS, 1-IS, and 2-IS
12 1-HS 2-HS-A 2-HS-B 2-HS-C 2-HS-D 2-HS-E 1-1S 2-1S

Mn(1)—C(1) 2.470(4) 2.488 2.513 2.292 2.473 2,513 2.161 2.312 2.222
Mn(1)—C(2) 2.348(3) 2.321 2.288 2.286 2.297 2.331 2.091 2.068
Mn(1)—C(3) 2.398(4) 2.365 2.282 2.501 2.338 2.531 2.219 2.153
Mn(1)—C(10) 2.184(4) 2.184 2.151 2.148 2.146 2.513 2.161 2.226 2.147
Mn(1)—C(11) 2.331 2.100 2.067
Mn(12)-C(12) 2.531 2.328 2.239
Mn(1)—C(19) 2.187(4) 2.184 2.169 2.167 2.160 2.513 2.161 2.192 2.159
Mn(1)—C(20) 2.331
Mn(1)—C(21) 2.531

a Experimental values taken from ref 4.
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Figure 2. Structure of2-HS-A calculated at the BP86/AEL level
of theory.

This leads to the conclusion that the asymmetry in the bonding
of the [i73-(MesSi),C3H3] ligand to manganese is intrinsic to
the complex and is not attributable to the effects of packing in
the crystal, and raises the question of the influence of the
trimethylsilyl substituents on hapticity. To address this question,
we performed optimizations for the parent high-spin complex
[Mn(C3Hs)s] ~ (2-HS). An initial minimization started from the
BP86 structure of-HS, replacing the trimethylsilyl substituents
with hydrogen atoms. In the resulting minimum no changes in
hapticity from 1-HS were found (Figure 2 and Table 1).
However, the Mn(1)C(10) and Mn(1)-C(19) distances to the
n'-bonded ligands i2-HS-A were both calculated to shorten
slightly by 0.033 and 0.018 A, respectively, which is probably
due to the absence of the 8 substituents. More intriguing
is the impact of removing the substituents uponsfdonded
ligand since Mn(1}C(1) was calculated to lengthen by 0.043
A to 2.513 A, but both Mn(1}C(2) and Mn(1}-C(3) were
shortened by 0.060 and 0.116 A to 2.288 and 2.828 A,
respectively. Overall, therefore, in the seemingly sterically less
crowded environment of [Mm-C3Hs)(1-CsHs),] ~ anincrease
in the asymmetric bonding mode of thyé-allyl ligand occurs
relative to that in complexesand1-HS. In the absence of any
obvious electronic influences the enhanced asymmetry in the
[73-C3Hs)-Mn(1) bond in2-HS-A most likely occurs as a result
of subtle changes in the nonbonded interactions between th
n3- andp'-bonded ligands that stem from a shortening of the
Mn(1)—C(4) and Mn(1)-C(7) bonds, which is also reflected
in an increase in the C(xMn(1)—C(4) bond angles from
101.6 in 1-HSto 107.2 in 2-HS-A.

e

Subsequently, we searched specifically for other hapticities
and attempted to locate isomers of this parent complex with
n3n%n® and 373yt coordination modes. Two new minima
were thus found2-HS-B and 2-HS-C, but these also have
optimized to structures withy3%:5! ligand hapticities. Since
these minima differ fron2-HS-A only in the precise conforma-
tions of then!-C3Hs ligands (see Supporting Information), it is
not surprising that these three conformations are very similar
in energy, with their relative energies calculated to be-0,2,
and 0.5 kcal mot! for 2-HS-A, 2-HS-B, and2-HS-C, respec-
tively, at the BP86/AEL level of theory. Other ligand hapticities
could only be enforced by imposing symmetry constraints.
Stationary poin2-HS-D is a Cg,-symmetric structure in which
all three allyl ligands are®-bonded to Mn(1), generating a
trigonal prismatic coordination environment. This conformation,
however, is 19.4 kcal mot higher in energy tha@-HS-A and
is a higher-order saddle point with four imaginary frequencies
(Figure 3). Lowering the symmetry frorTs, to Cs finally

Figure 3. Structure of2-HS-D calculated at the BP86/AEL level
of theory.

resulted in stationary poir2-HS-E, in which all the ligands
adopt ann'-bonded arrangement to afford a trigonal planar
geometry at Mn(1). This structure (Figure 4) possesses two
degenerate imaginary frequencies and is only 2.8 kcal-iol
above2-HS-B. Following the intrinsic reaction coordin&feof

one of these imaginary modes showed t&diS-E describes

an interconversion between two forms»HS-B in which 7°-

and n-coordinated ligands are interchanged. THbIS is
predicted by theory to be a highly fluxional molecule.

In an attempt to develop a structurproperty relationship
between the geometric and magnetic propertiek geometry
optimizations on the intermediate-spit+kS) and low-spin -
LS) states, for whichS = 3/2 and 1/2, respectively, were

(20) Gonzalez, C.; Schlegel, H..B. Chem. Phys1989 90, 2154. (b)
Gonzalez, C.; Schlegel, H..B. Phys. Cheml99Q 94, 5523.
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Figure 4. Structure of2-HS-E calculated at the BP86/AEL level
of theory.

Table 2. Relative Energies (kcal mot?) of 1-HS, 1-1S, and
1-LS Calculated at the BP86/AE1 and B3LYP/AEL Levels of  Figyre 5. Structure of1-IS calculated at the BPS6/AEL level of

Theory theory. For clarity, only the allyl hydrogens are shown.
BP86/AE1 B3LYP/AE?
1-HS 0.0 0.0
1-I1S 0.7 21.1
1-LS 16.4 42.9

aBP86/AEL geometries employed.

undertaken. Initial optimizations of-LS starting from the
experimental coordinates df were plagued by severe wave
function convergence problems, which are probably related to
the substantial spin contamination encountered in this case (see
computational details). No such problems occurred fds,
which, interestingly, optimized to a structure with different
hapticity ¢7%:7%7%, see below). Using this structure as starting
point, 1-LS could eventually be optimized (without further
changes in hapticity). Relative energies foHS, 1-IS, and
1-LS, computed with two different density functionals, are
collected in Table 2. Calculations of relative stabilities of
different spin states in open-shell transition metal complexes Mn(1)—C(10), Mn(1)-C(11), and Mn(1)-C(12) distances were
are a notorious problem for D21 Consistent with previous ~ calculated to be 2.226, 2.100, and 2.328 A, respectively, with
experience in such cases, the results in Table 2 are stronglythe asymmetry in the bonding of thig-ligand to Mn(1) being
dependent on the particular functional used in the calculations. Similar to that seen in the experimental structurel @ind the
However, despite the greatly differing values for the relative calculated structuré-HS. Significantly, the Mn(1)-C(1), Mn-
energies of the various spin statesloft is beyond doubt that ~ (1)—C(2), and Mn(1)-C(3) distances of 2.312, 2.091, and 2.219
the energy ofl-LS is prohibitively high at all levels of theory. A, respectively, haveshortenedconsiderably relative to the
The lowest-energy state for each functionalli4dS, which analogous distances IrHS rather than lengthened, as might
provides additional evidence that this structure is most probably be expected simply on steric grounds in order to accommodate
that determined experimentally. At the BP86/AEL level of theory the newn®-bonded ligand. As shown in Figure 6, calculation

ce2n

Figure 6. Structure of2-IS calculated at the BP86/AE1 level of
theory.

the energy oflL-I1S is only 0.7 kcal mot? above that ofL-HS, of the parent intermediate-spin complex [MatE)s] ™ (2-1S)
which is increased to 21.1 kcal mélat B3LYP/AEL. Thiswide ~ @lso results in an®»®»* ligand arrangement and suggests that
margin notwithstanding, it is possible tHaHS and1-IS could the hapticity change accompanying formation of the intermedi-

actually be quite close in energy, which would have implication ate-spin state is intrinsic to the system and also that thgsMe
for the temperature dependenceugf (see below). If the latter ~ Substituents have little, if any, overall impact on this structural
is in fact due to variable population of isomers with different Property. Comparison of the bond distances computed-&
Spin states, it is almost certain that itlidS with S= 3/2’ and and1-HS with those observed fat in the solid Suggest that it

not 1-LS with S= 1/2, that is in equilibrium withL-HS. is indeed the high-spin state df that has been observed
During optimization from ay351:5?! starting structurel-1S experlm.en.tally‘. .
was found to converge to a structure of Composition {Wﬁq The similar calculated energlesbﬂ-IS and1-1S at the BP86/

(MesSi),CsHa} o 7-(MesSi),CaHa)}] -, i.e., one in which a AEL1 level of th_eory prom_ptgd us to reinyestigate the experi-

ligand has undergone a change in hapticity faghto 5 (Figure mental magnetic susceptibility data oti[Li(thf) 4]. The con-

5). ditions under which data were collected have been described
In 1-1S the manganese center is formally five-coordinate and Previously! Complex [][Li(thf) 4] shows Curie-Weiss behavior

resides within a distorted trigonal bipyramidal environment. The from room temperature down to 100 K (Figure O € 2.45
emuK-mol™!, 6 = —60 K). The Curie constantC, is

(21) See for instance: Reiher, NMhorg. Chem.2002 41, 6928. substantially lower than that expected for spin-o8ly= 5/2
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ions (C = 4.377 withg = 2.0) and substantially larger than the
value anticipated for a8 = 1/2 system € = 0.375 withg =

Layfield et al.
Table 3. Natural Population Analyses and Wiberg Bond
Indices for 1-HS and 1-IS Calculated at the BP86/AE1 Level
of Theory
NPA2 WBI

1-HS 1-I1S 1-HS 1-IS
Mn(1) +1.20  +0.79 Mn(1)-C(1) 0.12 0.28
c@) -0.98  —0.93 Mn(1)-C(2) 0.08 0.26
C(2) —-0.26 —-0.29 Mn(1)-C(3) 0.16 0.38
C@3) -1.02 —-0.91 Mn(1)-C(11) 0.30 0.36
C(11) -1.17 —-0.92 Mn(1)-C(12) 0.03 0.27
c(12) -0.19 —0.28 Mn(1)-C(13) 0.02 0.27
C(13) -0.84  —0.95 Mn(1)-C(21) 0.32 0.35
C(19) —-1.18 —-1.07

aCharges in electrons.

we determined the Wiberg bond indices (WB1%pa measure
for the covalent contributions to a bonding interaction. The
results are presented in Table 3.

In the case ofl-HS the NPA calculations reveal that the

2.0) and is in fact consistent with an intermediate-spin state carbon atoms formally bonded to manganese bear appreciable

with S= 3/2 (C = 1.876 withg = 2.0). An explanation of this

negative charges. For C(1), C(2), and C(3) the small WBI values

observation on the basis of exchange interactions betweenof 0.12, 0.08, and 0.16, respectively, are suggestive of pre-
nearest-neighbor Mn(ll) ions can be discounted since the bulky dominantly ionic manganes&arbon bonding to thesf-(Mes-
nature of the ligands around these ions mitigate against any suchsi),C3Hz)s}]~ ligand in this spin state. However, the WBI values
effects and the large Weiss constant is likely to reflect single for C(11) and C(21) of 0.30 and 0.32, respectively, are indicative

ion effects.

Whereas the majority of manganese(ll) complexes disglay
= 5/2 spin states, observation of low-sgi— 1/2 states is
comparatively rare, [Mn(CN)*~ being one notable exceptidh.

of polar-covalent bonding. Upon formation bflS, a significant
decrease in the atomic charge on Mn(1) is observed, and in
light of the increases in the WBI for the carbon atoms engaged
in #3%-bonding to values in the range 0:26.38 it can be

The observation of an intermediate-spin or spin-admixed state concluded that there is a greater covalent contribution to the
for Mn(ll) is also uncommon, and to the best of our knowledge manganesecarbon bonding irl-IS, which is fully consistent
[1][Li(thf) 4] is only the second reported example, the first having with the shorter Mr-C bond distances. It seems likely,

been found in the {>-Cp’)sMn]~ anions (Cp= CsHs or CsH4-
Me).fabThe S = 3/2 spin state for tconfigurations is better

therefore, that the increased orbital participation in the metal
ligand bonding in1-IS is responsible for the formation of the

documented in the chemistry of iron(lll), where the sensitivity S= 3/2 spin state.

of the spin state to the ligand field is exemplified in a series of

Since our work is the first theoretical investigation the

ferric porphyrin compounds where there is strong evidence for manganese(ltyallyl bond, meaningful comparisons of our

S=5/2, 3/2, 1/2 and spin-admixed stafédt is worth noting

calculations with other manganese allyl complexes could not

at this juncture that the DFT studies indicate that the low-spin be undertaken. Although one other example of a manganese-

state is substantially higher in energy than both & 3/2

(I1y allyl complex, the-diketiminiate f HC(CMeNAr)} Mn-

andS= 5/2 configurations, but also that the intermediate-spin (7*-CsHs)], is now known?® no comment on the nature of the

statel1-1S is within 1 kcal mot? of the ground statd-HS at

metal-ligand bonding was made. However, there have been

the BP86/AEL level of theory: when quartet and sextet states several reports describing experimental evidence of the ionic

are so close in energy, they are likely to couple though-spin
orbit coupling to generate a spin-admixed stite.

nature of the bonding in the related manganese cyclopentadi-
enide complexes GMn2°-3! and (M&SiCsH,4),Mn,32 and it

In an attempt to ascertain the reasons behind formation of would seem that these cyclopentadienide derivatives are similar
the S= 3/2 state we undertook a more detailed examination of in many respects to the anidn

the Mn—C bonding in the aniod. In addition, given the lively
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metal-carbon bonding in organometallic compounds of the
main group elements, with the organolithiums in particular

having been the subject of many theoretical stuéfiage also
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(22) Goldenburg, NTrans. Faraday Socl94Q 36, 847.

(23) Chapps, G. E.; McCann, S. W.; Wickman, H. H.; Sherwood, R. C.

J. Chem. Physl974 60, 990. (b) Harris, GJ. Chem. Physl968 48, 2191.
(c) Scheidt, W. R.; Reed, C. hem. Re. 1981, 81, 543. (d) Birdy, R;
Behere, D. V.; Mitra, SJ. Chem. Phys1983 78, 1453.

(24) Kahn, O.Molecular MagnetismVCH: New York, 1993.

(25) Streitweiser, A.; Bachrach, S. M.; Dorigo, A.; von Ra@ahleyer,
P. InLithium Chemistry: A Theoretical and Experimentalé@view; Sapse,
A.-M., von RagueSchleyer, P., Eds.; J. Wiley and Sons Inc.: New York,
1995; Chapter 1, pp-143.

(26) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

Conclusion

The calculations on the manganese(ll) tris-allyl anions [Mn-
{7*-(CsH3R2)3}1~, wherex denotes a combination ofé- and
nt-bonded ligands and where R MesSi or H, have allowed
several important conclusions pertaining to the structure and
bonding within compounds of this type. Of the various spin
states available to the manganese(ll) ion, the high-spin config-
uration is found in the ground state at the levels of theory
applied. The mixed3:zLn?! hapticities of the allyl ligands and

(27) Wiberg, K.Tetrahedron1968 24, 1083.

(28) Chai, J.; Zhu, H.; Roesky, H. W.; Yang, Z.; Jancik, V.; Herbst-
Irmer, R.; Schmidt, H.-G.; Noltemeyer, Ndrganometallic2004 23, 5003.

(29) Opitz, J.Eur. J. Mass Spectron2001, 7, 55.

(30) Mutoh, H.; Masuda, Sl. Chem. Soc., Dalton Tran2002 1875.

(31) Switzer, M. E.; Rettig, M. FJ. Chem. Soc., Chem. Comm@a72
687.

(32) Hebendanz, N.; Kder, F. H.; Miller, G.; Riede, JJ. Am. Chem.
Soc 1986 108 3281.



Manganese(ll) Tris-allyl Anions [My*-(C3H3Ry)3}] Organometallics, Vol. 25, No. 15, 2008575

the asymmetry in the bonding of thyé-allyl ligand as observed  experimental magnetic susceptibility data of [Li({)fL] pro-

in the experimental structure tfare also found in the geometry-  duced a Curie constant that is consistent withSan 3/2 spin
optimized structuresl-HS and 2-HS and are fundamental state in the anionl]~, and its existence can be attributed to
properties of this species. Furthermore, it has been shown thatthe increased covalent character of the manganggeallyl)
despite their considerable steric requirements, the trimethylsilyl bonds as revealed by theoretical calculationslds.

substituents play no role in determining ligand hapticity in all
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