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were calculated, were not varied during the refinement, and were
all given a fixed isotropic temperature factor of 5.0 A2 The
methylene hydrogen atoms on C37, C43, C44, C38, and C45 (C45")
were not included in the refinement. The final conventional
residual index (R = Y_||F | - |F|l/ Z1F,|) was 0.048 with a cor-
responding weighted index (R,, = [Sw({F,| - |F.))?/ L w|F,|*]}/2
of 0.065, and the function minimized in the least-squares re-
finement was S w(|F,| — |F )%, where w = 1/o(F)%. The atomic
scattering factors were those from Ref. 10.

(10) (a) Cromer, D. T.; Weber, J. T. International Tables for X-ray
Crystallography; Kynoch: Birmingham, England, 1974; Vol. IV, Table
2.2A, pp 71-79. (b) Templeton, D. H. International Tables for X-ray
Crystallography; Kynoch: Birmingham, England, 1961; Vol. III, Table
3.3.2.c, pp 215-216.
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A crossover enthalpy of AH® = 21 £ 5 kJ/mol (AS° = 100 £ 20 J/(mol K)) for the slow spin exchange
involving the 5A;,°E,, ground state of manganocene was found by paramagnetic NMR spectroscopy. A
theoretical expression was derived which accounts for the average isotropic NMR shift in rapid exchanging
molecules. In the case of dimethylmanganocene a fit with the experimental data was found for AH® =
20 kJ/mol (AS° = 20 J/(mol K)) assuming an hyperfine spin coupling of 16 MHz for the thermally populated
upper state of the complex. Both the molecular spin crossover enthalpies and the ring proton coupling
constants found by NMR are consistent with a molecular ?A,, state dominated isotropic shift for dimethyl-,
diethyl-, and tetraethylmanganocene. Hence, the large isotropic shift observed for the annular protons
in the substituted complexes is explained by the rapid molecular exchange with the A, state. Results
show that for manganocene the slow exchange permits the observation of separate resonances as expected

for the more populated ?E,, and éA,, states. No resonance or evidence of an exchange with the ?A,, state

was found between -90 and 110 °C for this complex.

Introduction

Generally, in paramagnetic transition-metal complexes
the isotropic nuclear magnetic shifts of the ligand depends
on the metal-ligand bonding and magnetic anisotropy. For
metallocenes, spin density on the cyclopentadienyl rings
will cause the carbon and its attached protons to experi-
ence a strong paramagnetic shift under nuclear magnetic
resonance (NMR) experimental conditions. Most often
the isotropic NMR shift is due either to spin density at
the atom itself (contact interaction) or anisotropy origi-
nating from the neighboring metal center (dipolar inter-
action).

The molecular structure of several paramagnetic coor-
dination compounds and organometallic metallocenes have
been studied by proton and carbon NMR spectroscopy.!
For the metallocenes of the transition series, the hyperfine
coupling resulting from contact spin interaction can easily
be obtained from the isotropic shift. Paramagnetic NMR
has also been shown to be useful for the study of molecular
dynamics. A good example of this is the diamagnetic/
paramagnetic equilibrium for the Ni(PPhyMe),Br,; com-
plex.? Variable-temperature NMR studies have shown

tPresent address: Department of Chemistry, McGill University,
801 Sherbrooke Street W., Montreal, Quebec, Canada H3A 2Keé.

0276-7333/87/2306-1912801.50/0

that Ni(II) complexes have exchange-averaged isotropic
shifts proportional to the mole fraction of thermally pop-
ulated electronic state.>* Moreover, it has been shown
that there is generally good agreement between the ex-
perimental and the theoretically predicted NMR band-
widths or isotropic shifts for fast exchanging ligands. This
type of theoretical treatment of the isotropic NMR shifts
is valid when each state follows the Curie law and is
graphically significant for segments where the exchange-
averaged shift is important relative to that of each state.*

These are 3d® Mn(II) compounds with low enough
crossover energies to allow for significantly populated
doublet and sextet electronic ground states at experi-
mentally accessible temperatures.>® Their NMR spectra

(1) Applications of NMR in Paramagnetic Molecules; La Mar, G. N.,
Horrocks, W. DeW., Jr., Holms, R. H., Eds.; Academic: New York, 1973;
pp 1-678.

(2) Holms, R. H.; Hawkins, C. J. Applications of NMR in Paramag-
netic Molecules; La Mar, G. N., Horrocks, W. DeW., Jr., Holms, R. H.,
Eds.; Academic: New York, 1973; p 243.

(3) Horrocks, W. DeW., Jr. J. Am. Chem. Soc. 1965, 87, 3779.

(4) Swift, T. J. Applications of NMR of Paramagnetic Molecules; La
Mar, G. N., Horrocks, W. DeW.,, Jr., Holms, R. H., Eds.; Academic: New
York, 1973; p 53.

(5) Hammeter, J. H.; Bucher, R.; Oswald, N. J. Am. Chem. Soc. 1974,
96, 7833.
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Isotropic Proton NMR Shifts of Manganocene

reflect this and show the ligands are undergoing exchange
between paramagnetic environments. Moreover, the
variable-temperature region examined for ring-substituted
manganocenes covers both linear and nonlinear shift re-
gions. Recently, detail studies of the NMR properties of
manganocene, {7°-C;H;),Mn, and its alkyl ring derivatives
have been reported.'®1? It seemed to us that the ligand
isotropic shifts did not concord with the structural data
gather till now from solution magnetic susceptibility
measurements. In this paper we wish to give a complete
account of the proton NMR spectra with respect to the
configuration or spin crossover properties of manganocene,
dimethylmanganocene, (9*>-CsH,(CHj3)),Mn, diethyl-
manganocene, (7°-C;H,(C,H;s));Mn, and tetraethyl-
manganocene, (7%-C;H;(CoHg)o)oMn.

Experimental Section

Preparation and characterization of the studied compounds
is given in detail elsewhere.!! The tetraethyl derivative was
isolated as an impurity during the synthesis of diethyl-
manganocene. The doubly substituted cyclopentadienyl ligand
was identified as the 1,2-ring isomer product from the more easy
to handle ferrocene analogue (n’-CsHg(C,Hs)o),Fe: 'H NMR
(CgDg) 6 3.85 (m, ring), 3.80 (m, ring), 2.28 (q, ®J = 7.5 Hz, CHy),
1.10 (t, 3%J = 7.5 Hz, CHj); 13C NMR (C¢Dy) 6, 88.5 (substituted
C), 67.9 and 66.6 (CH), 20.7 (CHy), 15.1 (CH3); MS, [M]* m/z
298 (relative intensity 100). This air-stable iron complex was
prepared by FeCl, exchange with the manganese complex.® After
repeated thin-layer chromatography, the NMR spectrum of the
Fe(Il) product did not change, indicating the purity of the isomer
employed was acceptable for our NMR study of the Mn(II)
complex. Anal. Caled for CigHogMn: C, 72.71; H, 8.81; Mn, 18.48.
Found: C, 72.22; H, 8.85; Mn, 19.79.

The proton NMR experiments were carried out on a Varian
200-MHz or a Bruker WP400 instrument. Saturated toluene-dg
solutions placed in 5-mm (0.d.) NMR tubes filled with nitrogen
were used for manganocene and dimethylmanganocene. The oily
ethyl derivatives were 10% (v/v). Solution magnetic susceptibility
was measured by the Evans NMR method and corrected for
toluene density variation.!3

The variable-temperature proton NMR spectra of manganocene
and its dimethyl, diethyl, and tetraethyl derivatives were recorded
between ~90 and 110 °C. The paramagnetic NMR shifts were
measured relative to the solvent toluene-d; impurity and trans-
posed relative to Me,Si by using 2.31 ppm. The shifts are given
in magnetic field AH/H units with values increasing upfield.

Data reduction and error analysis were carried out for the linear
relations. In all cases the linear correlation coefficients were better
than 0.90. The mean deviation of the experimental shifts from
the linear AH/H equation given below was £200 to £500 ppm
K and %1 to +6 ppm for the slopes and intercepts at the origin,
respectively. An in-depth analysis for the fitness of the calculated
shifts from eq 3b was judged not to be necessary. The errors or
precision of the experimental shifts can be assessed from the band
widths at half-height given in parentheses (w;, in hertz) following
the given paramagnetic shifts.

Results and Discussion

On the basis of temperature-dependent NMR spectra,
the spin exchanges for the studied compounds can be

(6) Rabalais, J. W.; Werme, L. O.; Bergmark, T.; Karlsson, L.; Hussain,
M.; Siegbahn, K. J. Am. Chem. Soc. 1972, 57, 1185.

(7) Almenninger, A.; Haaland, A.; Samdal, S. J. Organomet. Chem.
1978, 149, 219. Almenninger, A.; Samdal, S.; Haaland, A. J. Chem. Soc.,
Chem. Commun. 1977, 14. ]

(8) Reynolds, L. T.; Wilkinson, G. J. Inorg. Nucl. Chem. 1959, 9, 86.

(9) Wilkinson, G.; Cotton, F. A.; Birmingham, J. M. J. Inorg. Nucl.
Chem. 1956, 2, 95.

(10) Kohler, F. H.; Hebendanz, N. Chem. Ber. 19883, 116, 1261.

(11) Cozak, D.; Gauvin, F.; Demers, J. Can. J. Chem. 1986, 64, 71.

(12) Hebendanz, N.; Kohler, F. H.; Miiller, G.; Riede, J. J. Am. Chem.
Soc. 1986, 108, 3281.

(18) Evans, D. F. J. Chem. Soc. 1959, 2003. Ostfeld, D.; Cohen, I. A.
J. Chem. Educ. 1972, 49, 829.
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Figure 1. Proton NMR spectra (200 MHz) of (#>-C;H;);Mn in
toluene-dy at selected temperatures.
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Figure 2. Paramagnetic proton NMR shift vs. the inverse tem-
perature for (#5-C;H,C,H;);Mn in toluene-ds.

classified as slow or fast on the NMR time scale. In this
respect we found that manganocene undergoes a slow ex-
change and its derivatives a rapid exchange in toluene
between —90 and 110 °C.

For manganocene, the exchange rate remained slow over
the full experimental temperature range. At -54 °C there
are two well-resolved resonances of equal intensity; see
Figure 1. A linear temperature dependence for both
resonances between —90 and 110 °C was found. The fol-
lowing linear correlations were found in the low (lt) and
high temperature (ht) regions:** AH/H(It) = (2200 (ppm
K) T7' + 15 (ppm)) and AH/H(ht) = (-8007! - 25) (hy-
perfine coupling constants, A,(It) = -0.279 MHz (-0.100
G) and A,(ht) = 0.0087 MHz (0.0031 G)).

Next, the spectra for dimethyl-, diethyl-, and tetra-
ethylmanganocene have similar features. In all cases,
broad bandwidths and no Curie isotropic shifts near room
temperature indicated a rapid molecular exchange on the
NMR time scale for these molecules. The temperature
dependence of the shifts for diethylmanganocene is shown
in Figure 2. This dependence is typical for all the alkyl
derivatives studied. In summary, there is a linear It region
and an abrupt downfield shift above ca. 40 °C for each
resonance.

Precise determination of the linear correlation between
-90 and -10 °C for the ring protons in the substituted
complexes was made from the AH/H vs. T"! plots. Hence,
the linear coefficient at 1t for the two resolved cyclo-
pentadienyl resonances are as follows: for dimethyl-
manganocene, AH/H(1t) = (7007 - 4) and (20007 - 8);
for diethylmanganocene, AH/H(lt) = (1000T! - 4) and
(1800T! — 7); for tetraethylmanganocene, AH/H(lt) =
(100071 - 4) and (17007 - 7). The coupling constants
for dimethylmanganocene, A, (lt) = —0.090 (-0.032 G) and
—0.256 MHz (-0.093 G), were calculated from the slopes
of these plots. For the latter two complexes the mean
couplings are —0.178 (-0.064 G) and —0.172 MHz (-0.061
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Figure 3. Equilibrium constant vs. the inverse temperature for

the spin-exchange process observed by NMR for (°-C;H;),Mn
in toluene-ds.

Temperature

G), respectively. The adherence to the Curie law in this
temperature region is indicative of either a slow spin ex-
change or a negligible contribution to the shift from other
weakly populated electron excited states. Finally, exchange
broadening (w,;; > 5000 Hz) made detection of the ring
resonance impossible in some spectra (200 MHz) recorded
near 30 °C. The spectra of the dimethylmanganocene
complex will be used in the following discussion as a bench
mark for the substituted derivatives.

Other weak signals (integral less than 5% that of the
complex) attributable to impurities in the complex solu-
tions-did not show the same temperature dependence as
the former resonances. For example, manganocene had
three overlapping resonances near —155 ppm and a series
of other signals between 5 and 25 ppm which were prev-
alent between —64 and 36 °C. The low-field resonance has
equally been observed at low temperature by Kéhler and
co-workers for manganocene.'? However, these resonances
were equally observed in our work for the substituted
products and under the experimental conditions used
(maximum radio frequency power 400 MHz) the low-field
resonance integrals were less than 1% that of the ring
resonances shown in Figure 1.

Before the NMR results are discussed, it should be
pointed out that the Mn(II) complexes have a low cross-
over energy barrier between several electronic states. The
high-spin €A;, sextet state (S = °/,) has one unpaired
electron in each of its five 3d orbitals (a’, ey,%, e,,%); there
are two low spin doublet states (S =1/,): a,? e,,® for the
ZE,, state and e,,*, 3151 for the %A, state. Photoelectronic,
electron paramagnetic resonance, gas-phase structure de-
termination, and bulk magnetic studies have shown the
presence of a spin equilibrium in manganocene and di-
methylmanganocene, with 2E,, and ®A,, as the only well-
identified states.> 416 Nevertheless, some authors have
argued in favor of the importance of the nearby 2A,, state
to explain the observed NMR and photoelectronic spectra
of dimethylmanganocene.> 46 The ordering of the en-
ergy level for these states is 2E,, < 6A,, < %A,

NMR Spectra of Manganocene. ’%‘he proton spec-
trum for manganocene is best described by assuming the
complex is undergoing a two-site exchange. The total
NMR integral for the ring resonance considered was found
to be constant within experimental error, and a third site
exceeding 10% population is unlikely. In order to char-
acterize this exchange, the enthalpy was determined. The

(14) Ammeter, J. H. J. Magn. Reson. 1978, 30, 299.

(15) Smart, J. C.; Robbins, J. L. J. Am. Chem. Soc. 1978, 100, 3936.

(16) Robbins, J. L.; Edelstein, N. M.; Cooper, S. R.; Smart, J, C. J. Am.
Chem. Soc. 1979, 101, 3853.

Cozak and Gauvin

Table I. Paramagnetic NMR Data for the Cyclopentadienyl
Ring Protons of Manganocene and Tetraethylmanganocene

resonance

shifts, H/H (ppm) integral

complex®  C;H; (*A;) C;H; (°E,) ratio® total temp, °C
(7n°-CsHz)Mn  ~28 72 -2
-29 (1900) 25 3.56 83 -30
-32 26 1.22 71 -49
-28 26 0.98 74 -b4
-26 26 0.51 77 ~-62
-32 27 (3800) 0.43 84 =72
28 i -80
29 86 -99
shifts, H/H (ppm)  resonance integral
complex® C;H; total
(n5-CsH4(C,H,).),Mn®  —20 (1000), —42 (2000) 90
0 (ca. 4000)¢ 27
-1.8 (ca. 200), 1.0 (ca, -17
400)¢
0 (<320), 2.0 (ca. -50
320)¢
0 (ca. 200), 3.0 (ca. -76
400)

¢In C¢DyCDjy solvent. The paramegnetic shifts for dimethyl-
and diethylmanganocene are given in ref 5. Bandwidths at half-
height, wy,,, are given in parentheses (Hz). For the ring-substi-
tuted complex, some bandwidths could not be measured because of
overlapping and exchange broadening especially evident for the
ethyl resonances at ~17 °C. ‘Ratio = °A,/?E, resonance.
¢Spectra for this compound were recorded on a 400-MHz instru-
ment. ¢Overlapping resonances.

integral ratios of the resonances are given in Table I be-
tween —-30 and -72 °C where the two resonances are
well-defined as shown in Figure 1. The probable error on
the measured shifts varies between 3 and 5 ppm (0.29w ).
The integral ratio given in the table corresponds to the
equilibrium constant K given by eq 1. Figure 3 shows the
plot for the experimental log K vs. the inverse temperature
used to calculate the enthalpy.

(n°-CsHy)oMn (t) == (r5-CsHy),Mn (ht) (1)

Hence, the two-site-exchange assumption seems justified
for the interpretation of the NMR spectra of manganocene.
The energy found is AH® = 21 %+ 5 kJ/mol and AS°® = 100
£ 20 J/(mol K). This is double the enthalpy value re-
ported for the doublet/sextet exchange in dimethyl-
manganocene.l” The molecular spin states corresponding
to each limit spectra was checked by measuring the solu-
tion magnetic susceptibility. The effective magnetic mo-
ments of 5.50 up at 100 °C and 1.99 uB at -80 °C corre-
spond fairly well to the expected values for the molecular
spin states S = °/, and S = !/,, respectively.

NMR Spectra of Dimethylmanganocene. Switzer
and co-workers!? have underlined the unusually low-field
position for the ring protons in the dimethyl derivative
compared to that of manganocene. They also interpreted
the susceptibility for this complex in terms of a thermally
populated sextet state and pointed out the disparities of
the NMR shifts with the bulk magnetic properties. In
their study Kohler and co-workers!? have reported the
NMR shifts and thermodynamic properties of some mono-
and polyalkylated ring derivatives of manganocene in-
cluding dimethyl- and diethylmanganocene. Also, this
group assumes that the large downfield isotropic shift
observed for certain substituted complexes is due to an
equilibrium with the more populated éA;, molecular state.

(17) Switzer, M. E,; Wang, R.; Rettig, M. F.; Maki, A. H. J. Am. Chem.
Soc. 1974, 96, 7669.
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The chemical assignments adopted in this paper for the
resonances have previously been discussed.!!

The spin crossover enthalpies reported so far in solution
and for the solid have been determined by bulk suscep-
tibility measurements mainly. For dimethylmanganocene
the experimentally determined susceptibility, u*(exptl), has
been equated to the weighed average susceptibility of the
doublet and sextet states.'” Hence, these values are for
spin exchange without discrimination with regards to the
molecular states, i.e. Ey; or A;,. The equilibrium and
equation are described in eq 2, where u(doublet) and p-
(sextet) are the effective magnetic moments and X and
(1 - X) are the mole fractions for both spins, respectively.

(n5-C5H4(CH3)X)2Mn (doublet) =
(n°-CsH,(CH3)),Mn (sextet) (2a)
1-X)

u(exptl) = Xu?(doublet) + (1 — X)u2(sextet) (2b)

Several studies have shown that the isotropic NMR
shift, for rapidly exchanging molecules, is also related to
the mole fraction of paramagnetic state.®'#19 Substituting
¢? in eq 2b for the paramagnetic NMR shift, AH/H, for
each spin state yields eq 3a. Furthermore, if the shifts for
each state taken independently are assumed to have a
linear 7! dependence and X is replaced by the equilibrium
constant or free energy dependent term, K = exp26/8T,
then eq 3b can be written. The paramagnetic shifts are
given by AH/H(It) = P(t)T! + A and AH/H(ht) = P-
(ht)T! + B, where P represents the slope and A and B are
the intercepts determined graphically. This assumption
seems reasonable given the linear dependence observed for
both states in manganocene and at 1t for the alkyl deriv-
atives. Subtracting or referencing the paramagnetic shift
relative to A and B gives the isotropic shift. However,
these parameters help in fitting the theoretical curve and
are kept here. Also, the temperature-dependent shifts are
not identified with any of the molecular electronic states
for now and are referred to as the 1t and ht states.

AH /H(exptl) = X[AH/H(t)] + (1 - X)[AH/H(ht)]
(3a)

H/H(exptl) = [1 + (exp2¢/FD)](PA) T + A) -
(P(ht)T* + B)] + (P(ht)T! + B) (3b)

Equation 3b is comparable to the theoretical expression
given by Horrocks and McGarvey which they successfully
applied to Ni(II) complexes undergoing rapid structural
or chemical exchange.>® This is evident when the ht state
is assumed to be diamagnetic or P(ht) = 0. Moreover, for
contact shifts the slope can be replaced by the general
expression —Ay[(g%8%/guBu)(S(S + 1)/3k)], where A, (in
G) is the hyperfine spin-nucleus coupling constant for each
molecular state and the other terms have their usual
meaning.?1® This expression was used to calculate the
coupling constants given in this paper.

Solving 3b for P(ht) requires variable-temperature NMR
data of at least the It region and knowledge of the free
energy for the spin exchange process. The linear portion
of the curve associated with dimethylmanganocene was
used in our calculations (see captions for Figures 4 and 5).

(18) McConnell, H. M.; Chesnut, D. B. J. Chem. Phys. 1958, 28, 107.

(19) Eaton, D. R.; Josey, A. D.; Phillips, W. D.; Benson, R. E. J. Chem.
Phys. 1962, 37, 347.

(20) McGarvey, B. R. J. Am. Chem. Soc. 1972, 94, 1103.

(21) Wiersema, R. J.; Hawthorne, M. F, J. Am. Chem. Soc. 1974, 96,
761. Kurland, R. J.; McGarvey, B. R. J. Magn. Reson. 1970, 2, 286.

(22) Keller, H. J.; Schwarzhans, K. E. Angew. Chem. Int. Ed. Engl.
1970, 9, 196.

(23) Schwarzhans, K. E. Angew. Chem., Int. Ed. Engl. 1970, 9, 946.
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Figure 4. Ring proton NMR shifts following eq 3b. The ex-
perimently observed shift region is indicated by the vertical bars.
In all cases the slope P(lt) = 2000 ppm K and A = B = -4 ppm.
Curves A and A’ are for the same energy, AH® = 7.5 kJ/mol and
AS8° = 24 J/(mol K), but different slopes, P(ht) = -1.0 X 105 and
-2.5 X 10° ppm K, respectively. Similarly, curves B and B’ are
for AH® = 20 kJ/mol and AS® = 20 J/(mol K), while P(ht) = ~1.0
X 10° and ~5.0 X 10° ppm K, respectively.
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Figure 5. Theoretical (line) and experimental (dots) ring proton
NMR shifts for (n5-CsH,CHg)sMn. The experimental resonances
are split due to the ring substituent. For all calculations in eq
3b, P(lt) = 2000 ppm K and A = B = -4 ppm. Curve A: AH®
= 20 kJ/mol, AS® = 20 J/(mol K), and P(ht) = -1.0 X 10° ppm
K. Curve B: same as curve A except P(ht) = ~5.0 X 10° ppm K.
Curve C: AH® = 15 kJ/mol, AS® = 20 kJ/(mol K), and P(ht)
= 0.8 X 10° ppm K.

Also, the NMR shifts A and B were determined by ex-
trapolation to 7! = 0. As predicted from the Curie law
both values are similar and close to the chemical shift of
the free ligand. Hence, A = B = -4 ppm was used for the
evaluation of eq 3. This leaves P(ht) as the only iterative
parameter for a given set of AH® and AS°.

The theoretical and experimental NMR shift depen-
dence for dimethylmanganocene were compared. The plot
obtained by using the energy values reported by Switzer
for this complex is depicted in Figure 4. This should
correspond to the predicted shift for the ®A,,/?E,, crossover
exchange. Curves A and A’ show the influence of P(ht)
on the shift. Similar results were obtained for the energy
reported by Kohler, AH® = 11-13 kJ/mol and AS°® = 40-50
J/(mol K). In all cases it was impossible to fit the curves
to the experimental data regardless of the slope P(ht). We
therefore began to explore AH® and AS® values different
from those reported'®!” with a view that the second exited
state (?A;, mentioned by Switzer et al.!”) may be making
a significant contribution to AH/H(exptl).

We found that curves for standard free energies, AG®
greater than 14 kJ/mol could be fitted. The 7.5-13 kJ/mol
enthalpy range gave satisfactory results for AS°® < 0 only.
Since the enthropy is expected to be positive for the type
of exchange envisaged, this path was not pursued.
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The energy dependence for eq 3b is also shown in Figure
4. As example, curves A and B represent the temperature
dependence of the shift for two energies; AH® = 7.5 (AS®
= 24 J/(mol K)) and 20 kJ/mol (AS® = 20 J/(mol K)),
respectively. It can be seen for a given P(ht), two curves
have similar slopes, but the “well’s” minima are at different
temperatures. For curve A this minimum is at low tem-
perature for a possible fit. If P(ht) increases negatively,
this will equally increase the slopes of the “well” and results
in larger isotropic shifts. This can be seen in curves A’ and
B’ calculated with the same parameters as curves A and
B, respectively, except the slopes were increased 2.5 and
5 times, respectively.

For shifts corresponding to AH® > 14 kJ/mol and AS°
> 0 (AG® > 14 kJ/mol) it was found that large enthalpies
vield correspondingly large P(ht) slopes. For example, fits
for enthalpies around 25 kJ/mol gave P(ht) on the order
of 1.0 X 10" ppm K (A, = 1260 MHz (450 G)). Hence,
a practical solution for the theoretical curves was sought
for the smallest possible enthalpy and P(ht). Figure 5
shows the best fit found: AH® = 20 kJ/mol, AS® = 20
J/(mol K), and P(ht) = -1.0 X 10° ppm K. It can be seen
from curves A and B that the shifts are very sensitive to
changes of P(ht) in the experimental temperature region
even though, as we will see further, the complex is still
mainly in the 1t spin state. Curve C shows that for a
standard free energy, AG® < 14 kJ/mol, the theoretically
predicted shift is displaced to low fields at low tempera-
tures and at high fields at high temperatures.

In summary, acceptable fits were found for AH® between
15 and 20 kJ/mol and for AS® between 0 and 20 J/(mol
K), giving a standard free energy (AG®) near 14 kJ/mol.
The P(ht) slopes ranged from -1.0 X 10° to -2.5 X 10° ppm
K for different combinations of the energies. Hence, the
hyperfine coupling constant at the ring protons in di-
methylmanganocene is expected to be between 13 and 32
MHz (4.5 and 11.3 G).

Molecular States and Isotropic Shifts. The negative
ring proton couplings observed at 1t for manganocene and
its derivatives contrasts with the positive values reported
for the 3d° ?E,, spin state of ferrocenium, 0.470 MHz (0.168
G), and dimethylferricenium, 0.454 MHz (0.162 G)8 cat-
ions.?* As for the Fe(III) complexes an important down-
field dipolar shift is also expected at the ring protons of
the Mn(II) complexes because of the large g tensor an-
isotropy.>* However, the net upfield position of the ob-
served shift at It is indicative of a positive (4, < 0) contact
shift relative to the dipolar shift. Hence, the sign of the
hyperfine coupling for manganocenes in the ?E,, state is
definitely negative though a positive contribution from the
dipolar shift is expected. A similar result as been found
for some polysubstituted ferricinium complexes.?

Outstanding is the twofold increase in the magnitude
of the ring proton hyperfine spin coupling constant upon
substitution of manganocene. Substitution of a cyclo-
pentadienyl proton usually does not affect as much the
isotropic proton shifts or coupling constants.?® However,
large coupling at the protons have been reported for several
sandwich-type compounds having in common at least one
unpaired electron in a 3d metal orbital of a, representation:
bis(cyclopentadienyl)vanadium(II), 2.83 MHz;? bis(cy-

(24) Anderson, S. E.; Rai, R. Chem. Phys. 1973, 2, 216.

(25) Lyatifov, L. R.; Solodovinikov, S. P.; Babin, V. N.; Materikova,
R. B. Z. Naturforsch. B: Anorg. Chem., Org. Chem. 1979, 34B, 863.
Materikova, R. B.; Babin, V. N.; Solodovnikov, 8. P.; Lyatinov, I. R,;
Petrovsky, P. V.; Fedin, E. . Z. Naturforsch. B: Anorg. Chem., Org.
Chem. 1980, 358, 1415,

(26) Kohler, F. H. J. Organomet. Chem. 1974, 64, C27. Kohler, F. H.
J. Organomet. Chem. 1974, 69, 145.
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Figure 6. Percentage of thermally populated electronic ground
state following spin exchange energies reported for (»°-
Cs;H Me),Mn (AH® = 7.5 kJ/mol and AS® = 25 J/(mol K) (curve
A) and AH® = 13 kJ/mol and AS® = 42 J/(mol K) (curve B)) and
the energy found by NMR in this work for (55-C;H;)sMn (AH®
= 21 kdJ/mol and AS® = 100 J/(mol K) (curve C)) and (»*-
CsH,Me),Mn (AH® = 20 kJ/mol and AS® = 20 J/{mol K) (curve
D)).

clopentadienyl)chromium(II), 3.92 MHz;?" bis(benzene)-
vanadium(I), 3.16 MHz;*® (cycloheptatrienyl)(cyclo-
pentadienyl)vanadium(0), 5.0 (Cp) and 12.0 MHz (COT);*
(benzene)(cyclopentadienyl)chromium(0), 6.58 (Cp) and
13.0 MHz (arene);*® (cyclopentadienyl)(cyclo-
heptatrienyl)chromium(I), 6.05 (Cp) and 10.1 MHz (CO-
T);% bis(benzene)chromium(I), 9.69 MHz;? bis(benz-
ene)vanadium(0), 11.2 MHz.28

Also noteworthy is the larger energy found from eq 3b
for the crossover energy of dimethylmanganocene, which
is double that reported for the “E, /%A, spin exchange.
For a better understanding of this result, the population
curves of the ht spin states were determined for different
experimental values of the enthalpy. The computer-drawn
curves are represented as a percentage ht population, [100
- (100/(1 + K)], in Figure 6. On the basis of the previous
reported magnetic susceptibility results, it is expeced that
ca. 100% of manganocene and 50% of its methyl derivative
should be high spin at 36 °C 891417

Curves A and B are for the experimentally found en-
thalpies reported by Switzer and Kéhler for dimethyl-
manganocene. As expected, both curves show near 36 °C
approximately equal populated states. Next, curve C
shows that manganocene is 98% in the ht state as expected
for the spin equilibrium of the ®A,/?E,, states. Moreover,
it can be gathered from the spectra that the ring proton
shifts due to both states are of similar magnitude but of
opposite signs (Table I). This result is important in as-
sessing the relative contribution of each state to the ob-
served average shifts discussed further. At ca. 36 °C in
the fast exchange limit the ®A;, and *E,, contact shifts will
tend to cancel each other.

Finally, for the crossover enthalpy determined from eq
3b for the ZE,,/?A,, equilibration for dimethyl-
manganocene, curve D shows the observed low field shift
is attributable to 0.4% of the %A,, state at 36 °C. This can
be explained by the unusually efficient coupling mecha-
nism of the a;, orbitals. The relative decreasing contri-
bution of each state to the average shift is then 2A;, > ®A,,
=~ ?E,.. Hence, at It the E,, state predominates the iso-
tropic shifts of the studied complexes. At ht the less

(27) Rettig, M. F.; Drago, R. S. J. Am. Chem. Soc. 1969, 91, 1361.

(28) Anderson, 8. E.; Drago, R. S. Inorg. Chem. 1972, 11, 1564.

(29) Rettig, M. F; Stout, C. D.; Klug, A.; Farmham, P. J. Am. Chem.
Soc. 1970, 92, 5100.

(30) Elschenbroich, C.; Gerson, F. J. Organomet. Chem. 1973, 49, 445.

(81) Prins, R.; Reinders, F. J. Chem. Phys. Lett. 1969, 3, 45.
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populated 2A,, state dominates the isotropic shifts when
the complex is undergoing rapid exchange. In agreement
with our findings a 2A,,/?E,, energy separation of ap-
proximately 24 kdJ/mol has been estimated by Anderson
and Rai in the dimethylferricinium complex.?? Extended
Hickel molecular orbital calculations made by the same
authors also predict the a,, spin coupling can be as high
as 7 MHz at the ferricinium protons. Accordingly, both
molecular orbital calculation and NMR results have led
Switzer et al. to predict a coupling of 9 MHz for the ht
NMR related spin state in dimethylmanganese. Solo-
dovnikov and co-workers® account for the reversal in spin
coupling observed in polyalkylated ferricinium complexes
by the increase importance upon substitution of the
thermally accessible ?A,, ground state on the NMR shift.

NMR of Other Ring-Substituted Manganocenes. It
can be assumed that substituted manganocene complexes
with similar NMR properties are undergoing the same type
of rapid exchange as identified here for dimethyl-
manganocene. Hence, following eq 3b the 16 ppm (mean)
shift difference separating the two monoalkylated ring
resonances in diethylmanganocene and dimethyl-
manganocene is the result of either or both a decrease in
the P(?A,,) slope or a decrease in the A;, population due
to a greater crossover enthalpy. First, the crossover en-
ergies for dimethyl-, diethyl-, diisopropyl-, and di-tert-
butylmanganocene are expected to be identical within
experimental error.!? Also, in general metallocenes in the
2A , state have isotropic g tensors.3? Hence, variation of
the energy can be ruled out as well as any dipolar con-
tribution resulting from the g tensor. So the observed shift
difference in these complexes can be accounted for by the
change in P(?A,,) slope. A 20 ppm shift difference corre-
sponds to a coupling constant change of 0.5 MHz (at 25
°C). This variation is quite significant but represents only
3% of the A, coupling at the ring proton in dimethyl-
manganocene. Hence, the following decreasing order in
hyperfine ring proton coupling can be made, at 117 °C, by
using the mean shifts reported for the monoalky! deriva-
tives: methyl > ethyl > isopropyl > tert-butyl.}!12

We have here deliberately omitted considering the 2E,,
and ®A,, states because of their relatively small popula-
tion-coupling product. Further evidence for the existence
of large A, coupling in substituted complexes is the 44-55
ppm shift separation observed for the H(2,5) and H(3,4)
ring protons. Since a significant dipolar contribution to
the shift can be eliminated (?A,, state), differences in spin

(32) Maki, A. H,; Berry, T. E. J. Amer. Chem. Soc. 1965, 87, 4437.
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coupling is more likely to account here for the degenerate
ring resonances.

Generally, increase substitution on the cyclopentadienyl

ligand results in an increase “E,, to °A,, or 2A;, crossover
enthalpy. For example, the magnetic susceptibility and
solution NMR results for (°-C;Me;)oMn, (n°-C;Me,H),Mn,
and (#°-C;Me,Et),Mn indicate that these complexes are
exclusively in the ?E,, state at room temperature'2
Hence, the energy term should equally be considered with
the coupling when the NMR shifts of mono- and poly-
alkylated derivatives are compared. For example, the
mean isotropic shift is 73 ppm (117 °C) less for the ring
protons in tetramethylmanganocene compared to that of
dimethylmanganocene.’? This difference is 59 ppm (90 °C)
for tetraethyl- and diethylmanganocene.!!
" Hence, the study of the paramagnetic properties for
manganocene derivatives based on homologation of their
NMR spectra at a given temperature is impossible without
first checking the spin state inbalance. Hence, it is not
surprising to find that assignment of the methylene versus
ring proton resonance by means of spectra homolation
alone for the methyl derivative with that of the ethyl or
tert-butyl derivative do not agree.!'*? Also important in
understanding the metal-ligand spin delocalization
mechanisms in paramagnetic metallocenes, our results
underline the importance of considering not only the en-
ergy gap (AH®) separating two states but also the exchange
rate or activation energy barrier for a proper interpretation
of the isotropic shift. These properties are readily ac-
cessible by variable-temperature NMR. spectroscopy.
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