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Abstract 

55Mn NMR data are reported for manganese sandwich complexes of the type [(~75-CsHs)Mn(r/6-C~H6)] (1), [(~75- 
CsHs)Mn(r/6-C6Hs-R')] [R' = Me (2) ipr (3), tBu (4), Ph (5), SiMe 3 (6a), GeMe 3 (6b), SnMe 3 (6c), PbMe 3 (6d), SMe (6e)], 
[(@-C5H4-R)Mn(~76-C6H6)] [R = Me (7), SiMe 3 (8a), GeMe 3 (8b), SnMe 3 (8c), PbMe 3 (8d)], [(@-CsH4-R)Mn(r/6-C~Hs-R')] 
[R = R' = Me (9); R = Me, R' = Ph (10); R = SiMe 3, R ' =  Ph (11); R = R' = SiMe 3 (12a), GeMe 3 (12b), SnMe 3 (12c), PbMc 3 
(12d). SMe (12e), SeMe (120, R,R' = SiMezSiMe 2 (13)], [(@-CsRs)Mn(r/6-C7Hs)] [R = H (14), Me (15)] and [(@-CsRs)Mn(r/6- 
CsHm)] [R = H (16), Me (17)]. The chemical shifts 655Mn cover a range of ca. 350 ppm for complexes 1 to 12 (fi55Mn ca - 180 
to ca. + 170 relative to [MnO4]- aq), whereas further 5SMn deshielding up to ca. 1000 ppm is observed for complexes 14 to 17. 
Any relationship between the formal oxidation number of Mn and 55Mn magnetic shielding has to be discarded. The large range 
of the 655Mn data for sandwich complexes indicates that SSMn magnetic shielding depends on the electronic structure of the 
frontier orbitals which is significantly affected by the ring substituents. Chemical shifts BS3Cr (relative to [CrO4]:-a q) for 
[Cr('r/6-C6H6)2] ( - 1206) and  [( 'r/6-C6H6)Cr(CO)3 ] ( - 1580) have b e e n  d e t e r m i n e d  for compar ison.  
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I.  Introduct ion 

Since the discovery of  fer rocene [1] and di(benzene)-  
chromium [2], the electronic s tructure of  sandwich 
compounds  has been  the subject of  extensive discus- 
sions. However ,  in compar ison with these two ho- 
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molept ic  model  complexes, the mixed sandwich com- 
p o u n d  (@-cyc lopen tad ieny l )manganese ( r /%benzene )  
(1) [3], whose molecular  s tructure has recently been 
de te rmined  [4], has received only scant at tention.  

For  these diamagnet ic  18-electron complexes and 
their r ing-substi tuted derivatives, the nuclear  magnet ic  
shielding of  the respective metal  nucleus provides an 
ideal probe  for the electronic structure,  since it sensi- 
tively reflects the various effects exerted by the sub- 
sti tuents [5]. Indeed,  numerous  chemical  shifts 357Fe 
of  fer rocene derivatives have been measured  [6,7] and 
used, in part icular  for a-ferrocenyl  carbocat ions  [8], in 
the discussion of  bonding  models.  In the case of  
( r /5-cyclopentadienyl) i ron(r /5-pentadienyl)  complexes  
( "ha l f -opened  ferrocenes") ,  the influence of  the 
H O M O - L U M O  distance on 657Fe has been noted [9]. 
In order  to make bet ter  use of  the 657Fe values of  
ferrocenes  and related compounds ,  chemical  shift data 
of  neighbour ing metal  nuclei are required for compari-  
son. Some a57Co data  for cobal tocenium cations have 
been  repor ted  [5]. However,  653Cr data for sandwich 
complexes have not  been  measured  so far. It is even 
more  remarkable  that  55Mn N M R  has never been used 
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for studying manganese  sandwich complexes, in spite 
of the high SSMn NMR-sensitivity (natural abundance 
100%). We now report for the first time on the 5SMn 
NMR of sandwich complexes (1-17, see Table 1) de- 
rived from (@-cyclopentadienyl)-manganese(r/%ben- 
zene) (1) [3,4]. 

2. Results and discussion 

T h e  c h e m i c a l  s h i f t s  ~ S S M n  o f  t h e  c o m p l e x e s  1 - 1 7  

a r e  g i v e n  i n  T a b l e  1. O w i n g  t o  t h e  s i z e a b l e  n u c l e a r  

e l e c t r i c  q u a d r u p o l e  m o m e n t  o f  t h e  S S M n  n u c l e u s  ( Q  = 

0 . 4 0 . 1 0 - 2 8 m 2 ; I  = 5 / 2 ) ,  l i n e w i d t h s  ( h i / 2 )  o f  s e v e r a l  

k H z  a r e  o b s e r v e d ,  e v e n  w h e n  t h e  d e v i a t i o n  f r o m  a 

Table  1 
Chemica l  shifts, 6SSMn, and linewidths, h i /2 ,  of m a n g a n e s e  sand-  

wich complexes  ~: [ (@-CsHs)Mn( -q6-C6H6) ]  (1), [ ( @ - C s H s ) M n (  @-  
C6Hs-R ' ) ]  (2-6) ,  [( 'qS-CsH4-R)Mn( 'r /6-C6H6)] (7,8) ,  [(r/S-C5H4 - 
R)Mn(r /%C~,Hs-R' ) ]  (9-13) ,  [ ( r / S - C s R s ) M n ( @ - C 7 H s ) ]  114. 15) and 
[ ( r /S-CsRs)Mn(r /6-C8 H m)] (16, 17) 

R R' 6SSMn hi/~ 
[Hz] 

1 H H - 180 1500 
2 H Me b - 105 2100 
3 H iPr  - 9 1  2100 

4 H t Bu - 73 2800 
5 H Ph c - 5 2900 

6a H Me3Si  - 20 2000 
6b H Me3Ge  - 5 2  d 

6c H M % S n  - 5 1  2400 
6d H Me3Pb  - 70 d 
6e H MeS - 154 d 

7 Me H - 180 1320 
8a Me3Si  H - 72 2300 
8b M % G e  H - 103 d 

8C Me3Sn H - 102 2500 
8d Me3Pb  H - 133 d 
9 Me  Me - 105 2000 
10 Me Ph + 1 2600 

11 Me3Si  Ph + 110 2700 

12a Me3Si  Me3Si  + 9 7  3400 
13 - M %  S i - S i M %  - + 164 2240 

12b M e 3 G e  M e 3 G e  + 32 4200 

12c Me3Sn Me3Sn + 32 4200 

12d Me3Pb Me3Pb  - 3 2  5200 

12e MeS MeS - 110 3100 
12f MeSe  MeSe  - 157 d 
14 H + 1077 2250 
15 Me + 945 1900 
16 H + 899 4230 
17 Me + 707 72011 

" 6SSMn relative to a saturated aqueous solution of  K M n O  4 
(,~(SSMn) = 24.789290 MHz).  

b [(@_CsHs)Mn(@_I,2_Me2C6H4)]: 65SMn = _  37, h i / ~  = 2400 Hz. 
c [( .qS_CsHs)Mn(@_4,4,_dimethoxybiphenyl)] :  6SSMn = + 85, h 1/_, - 

7300 Hz. 
a Mixture with 1: h i / 2  is not accura te ly  m e a s u r a b l e  because  of signal 
overlap with 1, 
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Fig. 1. 123.5 MHz  55Mn N M R  spectrum of a mix ture  of the sandwich 
complexes  1, 6e, 8c and 12c, which is formed in the reaction of 
incomple te ly  l i th ia ted  ( r /5 -cyc lopen tad ieny l )manganese( r /6 -benzene)  

(1) with trimethyltin chloride. 

spherical charge distribution about the 55Mn nucleus is 
small. Nevertheless,  the fairly large range of the 655Mn 
data and the use of  a high field strength (B 0 = 11.4 T) 
allow us to obtain well-resolved 55Mn N M R  spectra, as 
shown in Fig. 1. The variations in the linewidths corre- 
spond, with few exceptions, to expectations based on 
changes in rotatory correlation times (z  c) as a result of  
the introduction of substituents in one or both rings. 
The exceptions can readily be made out by comparing 
the linewidths (h~/2) for the pairs 1 / 7 ,  12a /13  and 
14 /15  (but not 16/17) .  It appears that in these cases 
the substituents create a more symmetrical charge dis- 
tribution at the 55Mn nucleus, thus compensating for 
the effect of  a reduced tumbling rate. 

It has repeatedly been tried to establish a loose 
relationship between the formal oxidation state of  a 
transition metal and its nuclear shielding [5], assuming 
that an increasing oxidation number is accompanied by 
deshielding of the metal nucleus. Such attempts are 
misleading, both in the light of  the data already avail- 
able and, in particular, of  the 655Mn data determined 
in the course of  this work. An aqueous solution of  
KMnO 4 (manganese  with a formal oxidation number 
+ 7 )  is generally used as an external reference for 
~SSMn data. In the same range as the reference appear 
the 55Mn N M R  signals of  the complexes 1 -13  in which 
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the central metal possesses the formal oxidation num- 
ber +1 ( 6 5 5 M n = - 1 8 0  to = +170). The 55Mn nu- 
clear shielding in the complexes 14-17 is further re- 
duced by more than 1000 ppm, although the formal 
oxidation number of manganese (+ 1) remains un- 
changed. 

In the 18e-sandwich complexes [Cr(C6H6)2], 
[(CsHs)Mn(C6H6)] (1) and [Fe(CsHs)2], the three 
highest occupied molecular orbitals have similar ener- 
gies, being neither strongly bonding nor anti-bonding. 
This explains that oxidation to 17e-systems ([Cr(C 6- 
H 6 ) 2 ]  + and [Fe(CsHs)2] +) is easily achievable; the 
small energy gap (AE) between HOMO and LUMO 
even favours the formation of 19e- or 20e-systems such 
as [Co(CsHs) 2] or [Ni(CsHs)2]. The AE(HOMO- 
LUMO) values are mainly responsible for changes in 
nuclear magnetic shielding, as a result of the contribu- 
tion of B0-induced mixing of metal-d-levels to the 
magnetic shielding [10]. For small AE values one ex- 
pects a significant increase of the paramagnetic term 
(crp) of magnetic shielding, as was indeed found in the 
system of the manganese sandwich complexes studied 
here (see also Table 2). Due to the small AE values, 
chemical shifts 655Mn are significantly dependent on 
the substituents R and R'. Any substitution in 1 leads 
to 55Mn deshielding, the substitution of the benzene 
ring being more effective. Already the change from 1 
to 2 (toluene instead of benzene as a ring ligand) 
causes 55Mn deshielding by 75 ppm. If biphenyl is one 
of the ring ligands instead of benzene (5), the 55Mn 
deshielding is as large as 175 ppm. In the series of the 
trimethylelement derivatives 6a-d, 8a-d, 12a-d with 
Si, Ge, Sn and Pb, the lowest 55Mn shielding is always 
observed for the Me3Si derivatives. It is remarkable 
that bridging of the ring ligands by the -Me 2- 
Si2SiMe 2- moiety (13) leads to stronger 55Mn deshield- 
ing than the presence of two Me3Si groups (12a). The 
influence of Me3Ge- and Me3Sn substituents is almost 
identical in the complexes of types 6, 8 and 12. The 

655Mn data of the complexes 14-17, in which r/%ben- 
zene is substituted by r/6-cycloheptatriene (14 [13], 15), 
or r/6-cyclooctatriene (16 [13], 17) deviate drastically 
from the range of 355Mn values for 1-13. Thus, in the 
case of 14-17 (655Mn +1077, +945, +899, +707), an 
electronic structure can be assumed with an even 
smaller HOMO-LUMO gap than in 1-13. The 655Mn 
value for 14 extends the known range of 655Mn [5] by 
more than 500 ppm. 

Table 2 presents chemical shifts 653Cr, 355Mn and 
657Fe for analogous carbonyl- and arene complexes. In 
each case, the metal nucleus becomes significantly 
deshielded if carbonyl ligands are replaced by an arene 
ring. The greatest deshielding effect in these series is 
observed for the halfsandwich complex [(CsHs)Mn- 
(CO) 3] if the three carbonyl ligands are substituted by 
benzene (A655Mn + 2046]. 

The NMR measurements described here clearly 
demonstrate that ~SMn NMR spectroscopy is a most 
important method for the chemistry of manganese 
sandwich complexes [4]. The magnetic shielding of 
metal nuclei in sandwich complexes reflects even minor 
changes in the energy of the frontier orbitals. There- 
fore such parameters as ~SYFe of ferrocenes [7-9] and 
the new 655Mn data are expected to provide a firm 
basis for the adaptation of semiempirical MO calcula- 
tions. 

3. Experimental section 

All preparative work and handling of samples was 
carried out under argon, and all precautions to exclude 
oxygen and moisture were observed. The ring-sub- 
stituted derivatives (2-13) of [(@-CsHs)Mn(@-C~,H6)] 
(1) were obtained following the procedure described by 
Fischer and Breitschaft [3,4]. The reaction between 
cyclopentadienyl sodium, NaC 5 H 5, and MnC12 (1:1) in 
tetrahydrofuran produces the intermediate {CsH 5- 

Table 2 
Chemical shifts a 653Cr ' 655Mn and 657Fe of typical carbonyl- and arene complexes of chromium, manganese  and iron 

carbonyl half sandwich sandwich 

653Cr 
A~53Cr 

655Mn 
A655Mn 

fi57F e 
A657Fe 

~' ~53Cr relative to 
Fe(CO)~. 
h This work. 

[Cr(CO)6] [(C~H6)Cr(CO)~] 
1795 [11] - 1580 b 

+ 215 + 374 
[Mn(CO)5] [ (CsHs)Mn(CO) 3] 
-2780112]  - 2 2 2 5  [12] 

+ 555 + 2046 
[Fe(CO)5 ] [(C5 H 5)Fe(CO)3] + 
0 + 686.3 [11] 

+ 686.3 + 846.1 

a saturated aqueous solution of K2CrO 4 (..~-~(53Cr)= 5.652502 MHz): 8SSMn (see Table 1, 

[(C~H~,)Cr(C~H¢,)] 
- 1 2 1 ) 6  h 

[(CsH 5 )Mn(C6H6)] 
- 180 

[(CsHs)Fe(CsH5)]  
+ 1532.4 [7] 

footnote "); 657Fe relative to 
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MnCI} which, after treatment with the Grignard-re- 
agent C6HsMgBr, leads to a small yield of 1 (4%) 
together with 5 (14%) [4]. The complexes 2 to 4 were 
obtained in small yields (1-2%) by using the 
Grignard-reagents R'-C6H4MgBr (R' = Me, ipr, tBu) .  

Starting with methyl- or trimethylsilyl-cyclopentadienyl 
sodium, Na(CsH4Me) or Na(CsH4SiMe3), respec- 
tively, the complexes 7, 9 and 10, as well as 8a and 11 
were prepared. 

Dilithiation of I in the presence of tetramethylethyl- 
enediamine (tmeda), followed by treatment of the 1,1'- 
dilithio derivative with the trimethylelement chlorides, 
Me3E'CI (E = Si, Ge, Sn, Pb), or dimethyldi-chalco- 
genanes, Me2E ~ (E=  S, Se), afforded almost exclu- 
sively the disubstituted complexes 12a-f [4], and with 
C1-Me2Si-SiMe2-C1 the [2]cyclophane 13 was formed. 
If the 1,1'-dilithiation was not complete, the mono-sub- 
stituted complexes 6a-e and 8-d were observed in the 
NMR spectra (Fig. 1). These compounds were not 
isolated from the mixtures. 

The complexes 14 and 16 were prepared from [(@- 
CsHs)Mn(CO) 3] as described [13], and the pentameth- 
ylcyclopentadienyl derivatives 15 and 17 were obtained 
in the same way. 

All 53Cr and 55Mn NMR spectra (see also Tables 1, 
2 and Fig. 1) were measured by using a Bruker AM 500 
spectrometer. Mixtures were also analysed by 1H, 13C, 
29Si, 77Se, ll9Sn and 2°7pb NMR (Bruker AC 300, 
Bruker ARX 250) in order to confirm the assignments 
in the 55Mn NMR spectra. Typical conditions for 123.5 
MHz 55Mn NMR spectra: solutions < 5% in C~,D6; 
25°C; 5 mm tube; ca. 1000 transients with 90°C pulse 
angle (= 6 gs); acquisition time 0.03 s, spectral window 
60 kHz. 
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