
133

Journal of Organometallic Chemistry, 401 (1991) 133-143
Elsevier Sequoia S.A., Lausanne

JOM 21089

Hydrogen bonds and conformations of permethylated
ot-metallocenylcarbinols (M = Os, Ru, Fe)

E.S. Shubina, L.M. Epstein *, T.V. Timofeeva, Yu.T. Struchkov, A.Z. Kreindlin,
S.S. Fadeeva and M.I. Ryb inskaya

A.N. Nesmeyanov Institute of Organometallic Compounds of the USSR Academy of Sciences,
Vavilov St. 28, Moscow (USSR)

(Received May 30th, 1990)

A b s t r a c t

IR spectral data show that, in contrast to a-ferrocenylcarbinols which form OH -• •~r and OH - -• M
intramolecular hydrogen bonds, a-ruthenocenyl- and a-osmocenylcarbinols, as well as their permethyl-
ated analogues, involve hydrogen bonds of only one type, OH • -- M. The relative stabilities of the cyclic
chelates closed by the OH -. - M hydrogen bonds are consistent with the sequence of metal basicities
(F¢ < Ru < Os). The variations in influence of the carbinol group substituents on the stability of
OH • • - Ru(Os) and OH -- - Fe bonds are interpreted in terms of the results of conformational calcula-
tions. The absence of a correlation between the stability of cyclic chelates and the proton-donating ability
of the OH group is explained by the predominance of steric effects.

I n t r o d u c t i o n

Recently we communicated the results of a s t u d y of intramolecular hydrogen
b o n d s in a-nonamethylferrocenylcarbinols , 9 F e C H R O H , and thei r non-methylated
analogues, F e C H R O H [1]. The influence of subst i tuents R at the carbinol C atom
and Cp ligands on the charac te r and stabil i ty of intramolecular hydrogen b o n d s has
been established. The combina t ion of spectral m e t h o d s and conformational calcula-
t i ons made it possible to prove that the permethyla ted iron complexes s tudied
involve hydrogen b o n d s of only one type, namely OH • • • M bonds .

The object of this s t u d y was to examine intramolecular hydrogen b o n d s and
conformations of a-osmocenyl- and a-ruthenothenylcarbinols of the type 9Mc-
C H R O H , where R = H (I), Me (II), Ph (III) , C6F5 (IV), C6HEMe3 = Mes (V),
M c C H P h O H (VI) and M c P h 2 O H (VII), and M - - - O s (a) and Ru (b); M c - -
C s H 4 M C s H5 and 9Mc = CsMe4CsMe~. T h e s e c o m p o u n d s were c o m p a r e d with the
analogous ferrocenylcarbinols (c).

IR spec t ra were measured in CCI 4 in the p ( O H ) r a n g e u n d e r condit ions which
excluded self-association. To est imate the proton-donating abil i ty of the carbinols
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their spectra were measured in a C C I 4 / D M S O mixture as a standard proton-accept-
ing solvent. The molecular mechanics me thod was used for conformational calcula-
tions for the carbinols 9 R c C H R O H ( O c C H R O H ) ( I -VI ) , 9 F c C H R O H (III, IV) and
their non-methylated counterparts.

Results and discussion

1. lntramolecular hydrogen bonds in a-metallocenylcarbinols
As can be inferred from Tab. 1, the spectra of dilute CCI 4 solutions show b a n d s

due to intramolecular hydrogen b o n d s of the OH - . . M type. The re is no d o u b t as
to the assignment of these bands, which occur in a far lower frequency region than
do O H - . - ~r hydrogen b o n d s [1], namely in the range 3515-3390 cm -1 (Fig. 1).

The spectra of carbinols IVa ,b exhibit, in addition to the fundamenta l band
(3400-3440 cm -1), high-frequency shoulders at 3520-3540 cm -1 (Fig. 1, curve 3)
which can be attr ibuted on the basis of conformational calculation analysis.

The values of the OH band shifts, Ap(OH) = v (free OH) - z, (bonded OH), were
chosen as a measure of the relative stabilities of intramolecular hydrogen bonds ; for
a n u m b e r of compounds, the values of integral intensities (A) were also used. The
data ob ta ined led to the conclusion that for the osmium carbinols u n d e r investiga-
tion, the stabili ty of the resulting cyclic chelates is greater than that for the
corresponding ru thenium derivatives (zip = 154-227 cm -1 and 104-185 cm -1, re-
spectively). The lowest stability of intramolecular hydrogen b o n d s a m o n g the
compounds considered is shown by ferrocenylcarbinols, zip = 2 7 - 6 7 cm -1 [1]. The
sequence of the values of cyclic stabilities:

Os > Ru > Fe (1)

corresponds to a decrease in the meta l atom basicity [2].
It has been found that in 9 M c C H R O H , with M = Ru and Os, the influence of the

substi tuents R on the stability of the hydrogen b o n d s is the same in both cases. A
good linear correlat ion has been established between the p ( O H ) vibrations for
ru thenium and osmium carbinols, with a slope close to uni ty (1.24) (Fig. 2).
However, the variation in intramolecular hydrogen bond stabili ty is not fully
consistent with electronic effect of the substituent R. Thus , the values of Av increase
in the series:

Me < Ph < H < C6F~ < Mes (2)

Hence, with substi tuents such as H and Mes, the intramolecular hydrogen bond
stabili ty is greater than one would expect taking into accoun t the widely held views
on their electronic effects. This sequence does not fall into line with that ob ta ined
earlier for 9FcCHROH, the lat ter series of R (H, Mes < Me < C6F5 < Ph) [1]. On
the other hand , the values of Kf characterising an ability to form hydrogen b o n d s
grow in the order:

H < Mes < C6F5 < Ph < Me (3)

which is different from Eq. 2 but closely resembles that ob ta ined earlier for
9 F c C H R O H [1]. The rationale for these discrepancies, which is based on conforma-
tional calculation results, is given below. As expected, the substitution of the
hydrogen atom in M c C H P h O H by the second electron-deficient moie ty (VIIa, VIIb)
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Fig. 1. 1R spectra of 9RcCHROH solutions in CCI4 (c = 2.5 × 10 -3 mol/1, d = 2 cm): 1, R = Me (lib);
2, R = Ph (IIIb); 3, R = C6H5 (IVb); 4, R = Mes (Vb).

l e a d s to an i n c r e a s e in the s tab i l i ty of the i n t r a m o l e c u l a r h y d r o g e n b o n d s (Av, A) as

well as in the Kf v a l u e s .

U s i n g the c a r b i n o l s wi th R = Ph as a m o d e l , we e x a m i n e d the i n f l u e n c e of m e t h y l

g r o u p i n t r o d u c e d in to the C p r i n g s . T h e v a l u e s of Av a n d i n t e g r a l i n t e n s i t i e s (A) of

the b a n d s for 9 M c C H P h O H ( M = Ru a n d Os) a re s o m e w h a t g r e a t e r tha t t h o s e for
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Fig. 2. Linear relation between the av, cm-1 values for ruthenium and osmium carbinols, Avo~ = (1.242
+0.01) Argo, r =0.996; S=11 .9
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M c C H P h O H , suggesting that an increased stability of the cyclic chelates arises from
methylation of the Cp tings. In the case of the corresponding iron carbinols, the
opposite effect was observed [1].

2. Proton-donating properties
In order to define the sensitivity of the chelate cycle stability to the influence of

the proton-donating properties of the OH group, the interaction of metallocenyl-
carbinols with DMSO as a standard proton-accepting solvent was examined (Tab.
2). It turned out that the proton-donating properties of the OH groups are not a
decisive factor controlling the ability to form intramolecular hydrogen bonds and
the relative stability of the resulting cycles. The R-dependent variations in the
stability of the intermolecular hydrogen bonds with DMSO are in accord with the
electronic effects of substituents. For the compounds M c C H R O H , the sequence

Me < H < Mes < Ph < C6F5 (4)

which differs from the series (Eq. 2) given above, was obtained. A comparison
between 9McCHPhOH and M c C H P h O H (Tab. 2) reveals that the proton-donating
ability of carbinols with permethylated Cp tings is somewhat lower than that of
their non-methylated analogous. At the same time, as already noted, the stability of
intramolecular hydrogen bonds gains strength with methylation of the Ru and Os
carbinols, the values of A~,, A and Kf being greater for 9McCHROH. This means
that the effect of the methyl group in the Cp rings on an increase in the proton-
accepting ability of the metal atom prevails over a weakening of the proton-donat-
ing properties of the OH group. On the other hand, on going from ferrocenyl- to
nonamethylferrocenylcarbinols, the weakening of OH proton-donating properties
(intermolecular hydrogen bonds with DMSO) in the latter compounds is consistent
with the reduced stability of intramolecular hydrogen bonds [1].

Structural analogues, ruthenocenyl- and osmocenylcarbinols, are similar in terms
of proton-donating properties and display almost no difference from the relevant
ferrocenylcarbinols. Unde r identical experimental conditions in ferrocenylcarbinols,
the chelate cycles are completely broken, whereas in the ruthenium and osmium
analogues these can successfully compete with intermolecular hydrogen bonds
owing to the comparable stabilities of both types of H-bonds mentioned. This is
true for the compounds lib, I l i a , I I Ib , VIIa and VIIb, which exhibit substantial
constants for intramolecular hydrogen-bond formation, Kf = 25-12. The difficulty
in evaluating - A H is connected with the neccessity of separating the b a n d s (see
Experimental section).

Thus , concluding the comparison one may say that the proton-donating ability of
the carbinols studied appears to be controlled by the electronic influence of the
carbinol substituent and is practically independent of the nature of the metal atom.

3. Conformational calculations and spectral data
In order to understand better how the specificity of hydrogen bonds is affected

by molecular conformations, let us consider the results of conformational calcula-
t ions for a series of carbinols. Since the values of Ru and Os atomic radii are close,
the conformational features for the carbinols of these metals are identical. The
calculations reveal the steric effects that depend on the size of the metal atom
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Scheme 1.

(Os = Ru > Fe) or carbinol substituent and those induced by the introduction of
methyl groups to the Cp rings.

A similarity has been established between conformational features for the primary
metallocenylcarbinols of ruthenium (osmium) and iron [1]. For all these carbinols,
as well as for their permethylated analogues, the steric hindrances are minimal, the
differences in the conformational energy U~onf for various angles of rotation by the
carbinol group around the C-C bond (~) being less than 0.5 kcal/mol.

The character of the conformational curves for the secondary carbinols points to
an increased steric influence, the curves U¢onf for RcCHROH(OcCHROH) and
FcCHROH with R = Me, Ph being similar in all cases. These compounds take up
conformations with the OH group situated either under the Cp ring, i.e. rotated
towards the metal atom (qb < 0), or above the Cp ring (~b < 0) (see conformations 1
and 2 in Scheme 1). At the same time, as can be seen from Fig. 3, the differences in
the stabilities of the conformations are small (< 1.5 kcal/mol), suggesting that steric
factors do not impose limitations on the formation of hydrogen bonds with the
metal atom or Cp ring.

Comparing the conformational calculation results (Fig. 3) and the spectral data
(Table 1) for McCHPhOH, one finds that, contrary to FcCHPhOH, which involves
both O H . . - ¢r and OH .-. Fe intramolecular hydrogen bonds [1], the ruthenium
and osmium analogues (Via, VIb, Tab. 1) show only an O H . . . M type bond.

O

\ 8 7"
\ ~I7 /

o ._._ /

~ - " ", , , ' , ",-'-~,-.-,-.,'-k'-

Fig. 3. Plot of Uconf (kcal/mol) vs. ~b (the angle of rotation of the carbinol group around the C-C bond)
in metallocenyi carbinols: 1, RcCHPhOH (VIb); 2, FcCHPhOH (VIe); 3, 9RcCHPhOH (Illb); 4,
9FcCHPhOH (llIc).
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Hence, hydrogen-bond formation with the meta l must be controlled by the greater
basicity of Ru and Os atoms, ra ther than by a conformational preference.

The plot of Uconf vs. ~b undergoes a great change upon methylation of the Cp
rings of the secondary a-metallocenylcarbinols. With increasing steric hindrance, the
n u m b e r of energetically preferable conformations diminishes. Thus, conformations
with the OH group located above the Cp rings (i.e. conformation 2 in Scheme 1)
become unfavourable. As expected, in the Ru and Os derivatives the steric influence
is weaker than in isostructural iron complexes. For 9 R c C H R O H and 9 O c C H R O H ,
the energetic differences (Fig. 3) between the minima, corresponding to conforma-
tions 1 and 2, are not so pronounced as in the case of 9 F c C H P h O H . On the o t h e r
hand , the intramolecular OH -.- Ru(Os) hydrogen bond appears from IR data to
have a far greater stabili ty and, as a result, the OH --. ~r type bond is not able to
compete (compounds IIa, IIb, I l i a , IIIb in Tab. 1). The influence of the meta l atom
size on the character of the conformational curve becomes more pronounced with
increasing substituent size; the Ru(Os) and Fe carbinols show different values of ~,
which indicate the posit ion and shape of the m i n i m a for U~onf in the stable
conformations (~ < 0) (see Figs. 3 and 4). These differences are of importance, since
the value of ~ fixes the distance between the oxygen and meta l a toms and is
consequently responsible for the stability of the OH • .. M intramolecular hydrogen
b o n d s *

Thus with R = Me, the posit ion of the most p ronounced min imum is the same
for all nonamethylmetallocenylcarbinols u n d e r investigation (~ = - 4 5 ° ) . An in-
crease in the size of the substituent R causes a decrease in the value of ¢p to - 2 0 o
in the case of R = P h ; with R = C 6 Fs and Mes ~ is - 1 0 and 0 ° respectively.
Taking into accoun t that as the angle decreases, the O • • • Fe distance increases, one
can reasonably explain an abnormal weakening of the O H . . . Fe intramolecular
hydrogen bond in IVc as compared to that in IIIc, which does not correspond to a
reinforcement of the electron-accepting properties of the C6F5 substi tuent. As no ted
in [1], a cop lana r arrangement of the OH group and the Cp ring (~ = 0 o ) excludes
the formation of an intramolecular hydrogen bond in Vc (conformation 3 in Scheme
1).

For the nonamethylmetallocenylcarbinols of ru thenium and osmium, an increase
in the substituent size leads to an increased conformational mobility. Thus if
R = Ph, the energetic min imum appears to be wider (~p = - 2 0 - 6 0 o) than that for
9FcCHPhOH (~ = - 2 0 °) (Fig. 3).

In such a case, the formation of cyclic chelates involving more favourable ~,
angles becomes possible. For this reason, perhaps, methylation of the Cp ring in
M c C H P h O H results in different effects for M = Ru(Os) and M = Fe.

The weakening of the proton-donating abilities of the OH group does not lead to
a weakening of the intramolecular hydrogen b o n d s in I I Ia ,b as c o m p a r e d to Via,b,
whereas upon methylation of ferrocenylcarbinols the effect is observed for all the
substi tuents [1].

The carbinols with R = C6F5 (IVa,b) show two m i n i m a close in energy corre-
sponding to '#1 = - 1 0 ° (as in IVc) and to ~2 = - 7 0 ° (Fig. 4). Theoretically, an

* The Fe. • - O distance (3.2-3.7 A) corresponds to that found experimentally for the crystal, where an
Fe--. H-O bond (3.57 A) has been established [3].
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Fig. 4. Plot of U¢ont (kcal/mol) vs. the angle of rotation ~ in metailoeenylcarbinols: 1, 9RcCHC6F5OH
(IVb); 2, FeCHC6FsOH (IVc).

intramolecular hydrogen bond of the O H - - . M type may involve two stable
conformations. As follows from Table 1, the spectra of these compounds, along with
the bands at 3400 and 3440 cm -1 for IVa and IVb, respectively, exhibit high-
frequency shoulders at 3520 and 3540 cm -1. In other words, the spectral pattern
gives evidence for the presence of chelate cycles which are substantially different in
stability.

The high-frequency shoulders are likely to be conformations with a weak in-
tramolecular hydrogen bond of the type M .- - HO (conformation 2) formed with
the OH group rotating towards the metal by 10 o. Figure 5 clearly indicates that for
R = Mes (Va, Vb), in addition to the stable conformation 3 (in which, like the

o

S
-120 - 6 0 0 60 120 ',,p°

Fig. 5. Plot of Uconf (kcal/mol) vs. the angle of rotation in metallocenylcarbinols: 1, 9RcCHMesOH
(Vb); 2, 9FeCHMesOH (Vc).
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relevant iron carbinol [1], the OH group and Cp ring are coplanar), a second
min imum with the OH group rota ted towards the metal atom (~,2 = - 8 5 °) is
observed. These conformations show only a slight difference in energy, - 1 . 5
kca l /mo l , i.e., in contrast to 9 F c C H M e s O H , there are no steric limits imposed on
the formation of the O H - . . M intramolecular hydrogen bond . In fact, as men-
t ioned above, the spectra of Va and Vb show v(OH • • • M) b a n d s with the greatest
shifts, Av. Thus , it is easy to explain the abnormal ly high stabili ty of the intramolec-
ular hydrogen bond in compounds Va and Vb as being determined by the m a x i m u m
OH group rotat ion towards the meta l atom.

Noteworthy are the formation constant values for intramolecular hydrogen
bonds . The variations in these values induced by changing the meta l atom run
parallel with the basicity of the meta l and the hydrogen bond stability, namely
Os > Ru > Fe (Tab. 1). As already noted, the R-dependent sequence of formation
constants is different from that of Ap (see series 3 and 2, respectively), the series
being the same for the Ru, Os and Fe derivatives.

The fact that the constants Kf increase a long the series shown in Eq. 3 is not
surprising in view of the results of conformational calculations. The minimal
formation cons tan t for the pr imary carbinols reflects the lack of energetically
favourable conformations. As far as the secondary nonamethylferrocenylcarbinols
are concerned, the sequence of constants is in accord with the increased ~ angle
corresponding to the most stable conformation:

Mes (0 ° ) < C6F5 (10 ° ) < Ph (20 o ) < Me (45 o ) (5)

A more complicated picture is observed for 9 R c C H R O H and 9 O c C H R O H . In the
instances where there are two m i n i m a in U~onf, namely for R = C6F~ and Mes, the
cons tan t values decrease owing to the population of conformations unfavourable for
intramolecular hydrogen bond formation ('#1 -- - 1 0 and 0 °, respectively).

Conclusion

Thus in contrast to ferrocenylcarbinols, which involve both O H . - . , r and
O H - . . M intramolecular hydrogen bonds, all a-ruthenocenyl- and a-osmocenyl-
carbinols u n d e r investigation exhibit hydrogen b o n d s of only one type, OH - . . M.
The relative stabili ty of the cyclic chelates increases a long the series Fe < Ru < Os,
i.e. consistent with an increase in the metal basicity.

Methylation of the Cp rings in ru thenium and osmium carbinols, in contrast to
the iron analogue, causes a small increase in the stability of the cyclic chelates.

The R-dependen t sequence of chelate cycle stabili ty is the same for O H - - - Ru
and O H - - . Os intramolecular hydrogen bonds , but is different from that for the
OH • • • Fe hydrogen bond . In accordance with the results of conformational calcu-
lations, it reflects the influence of meta l atom size on the conformational mobility of
the OH group in metallocenylcarbinols.

In the case of 9 R c C H R O H and 9OcCHROH, an increase in substituent size gives
rise to a second conformation with a greater angle of rotat ion of the OH group
towards the meta l atom (~ -- 6 0 - 8 5 ° ); as a consequence, the stabili ty of the
intramolecular hydrogen bond increases. In 9FcCHROH, owing to the smaller size
of the metal atom, conformations with such great angles are unrealistic. Here , an
increase in the substituent size brings abou t an elongation of the OH • - • M distance
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and a weakening of intramolecular hydrogen bonds ; thus for R = Mes there is no
conformat ion involving these bonds .

For all carbinols u n d e r investigation, the prevailing importance of steric factors
upon cyclic chelate formation is manifested in the absence of a correlat ion be tween
the changes in the stabili ty of intramolecular hydrogen b o n d s and the proton-donat-
ing ability of carbinols, which is determined by the electronic effect of the R
substi tuent.

Experimental

The compounds studied were prepared by published procedures [4].
IR spectra were recorded with IR-75 and M-80 Specord spectrophotometers, in

5 X 10 -3 m o l / 1 CCI 4 solutions, d = 2 cm. The integral intensities were calculated as
described previously [5]. The concentration of DMSO in CCI 4 was 7 m o l / 1 (d = 0.2,
carbinol concentration 2 x 10-~ t o o l / l ) . In the case of compounds IIb, I I Ia , I I Ib ,
Vlla and VIIb , wh ich have large constants for OH . . - M intramolecular hydrogen-
bond formation, the posit ions of maxima u n d e r conditions produc ing a strong
overlap of b a n d s were determined by the use of graphic separation. The enthalpies
of the hydrogen bonds , - A H, were evaluated us ing Eq. 6 [6].

18Ag
- A H = (Av + 720) (6)

Conformational calculations were carr ied out us ing a mechanical molecular
mode l with a ~OLBD3 p r o g r a m [7] on an EC 1061 computer .

The detai led procedure for conformational molecular calculations for ,r-com-
plexes is repor ted in [8,9]. In evaluating the relative conformational energy, the
rotat ion angle C - C - C - O (0), which is indicative of the carbinol g roup orientation
with respect to the Cp ring, was changed in increments of 20 °.

The angle q~ was taken to be 0 ° if the oxygen atom of the OH group was located
in the Cp ring plane ; ~ was regarded as positive when this g roup was si tuated above
the ring and negative with the O H group u n d e r the ring, i.e. oriented towards the
meta l atom. For ferrocene derivatives, the F e - C p (centroid) distance was taken to
be 1.605 A and for ruthenocene compounds, whose g.eometric characteristics are
identical with those of osmocene, it was taken as 1.808 A.

References

1 E.S. Shubina, L.M. Epstein, T.V. Timofeeva, Yu.T. Struchkov, A.Z. Kreindlin, S.S. Fadeeva and M.I.
Rybinskaya, J. Organomet. Chem., 346 (1988) 59.

2 B.V. Lokshin, A.G. Ginzburg, Ye.B. Nazarova, Usp. Khimii, 49 (1980) 223
3 Yu.T. Struchkov, A.S. Batsanov, S. Toma, M. Salisova, J. Organomet. Chem., 329 (1987) 373.
4 M.I. Rybinskaya, A.Z. Kreindlin, S.S. Fadeeva, P.V. Petrovskii, J. Organomet. Chem., 345 (1988) 341.
5 A. Cabana, C. Sandorfy, Spectrochem. Acta, 16 (1960) 335.
6 A.V. logansen, in The hydrogen bond, Nauka, Moscow, 1981, p. 134.
7 R.H. Boyd, J. Chem. Phys. 49 (1968) 2579.
8 T.V. Timofeeva, Yu.L. Siovokhotov, Yu.T. Struchkov, Dok|. Akad. Nauk SSSR, 294 (1987) 1173.
9 Yu.L. Slovokhotov, T.V. Timofeeva, Yu.T. Struchkov, Zh. Strukt. Khim., 28 (1987) N 4, 3.


