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Novel titana-2,4-cyclopentadienes by 1,1-alkylboration
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Abstract

Bis(trimethylsilyl)amino-(2,2,5,5-tetramethyl-1,2,5-azadisila-cyclopent-1-yl)-titanium dichloride (3) and bis(2,2,5,5-tetramethyl-
1,2,5-azadisila-cyclopent-1-yl)-titanium dichloride (4) were prepared and converted into the di(1-alkynyl)titanium derivatives,
(Me3Si)2N[(CH2Me2Si)2N]Ti(C�C�R)2 (5) and [(CH2Me2Si)2N]2Ti(C�C�R)2 (6) [R=Me (a), Ph (b), SiMe3 (c)]. The reaction of 5a
and 5b with trialkylboranes such as Et3B leads almost quantitatively to titana-2,4-cyclopentadienes 7a and 7b, in which a
diethylboryl group functions as a substituent in 3-position. In the same manner, 6b reacts with Et3B or Pr3B to titana-2,4-cy-
clopentadienes 8b or 9b, respectively. It is proposed that these reactions proceed by 1,1-alkylboration. Compound 5c also reacts
with Et3B, however, a complex mixture was obtained. All products were characterised by 1H-, 11B-, 13C-, 15N- and 29Si-NMR
spectroscopy. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bis(silylamino)titanium dichlorides can be considered
as attractive starting materials for the synthesis of new
organometallic titanium complexes. However, until re-
cently such dichlorides were available only in low yield
[1] or as mixtures with other compounds, e.g. aminoti-
tanium trichlorides [2]. We have reported on the clean
synthesis of silylaminotitanium trichlorides such as 1 by
the reaction of bis(silylamino)plumbylenes with an ex-
cess of titanium tetrachloride, TiCl4 [3]. The so far
unknown 2,2,5,5-tetramethyl-1,2,5-azadisila-cyclopent-
1-yl)titanium trichloride (2) was also prepared by this
method. Treatment of these trichlorides with lithium
N-silylamides provides a convenient access, in many
cases, to bis(silylamino)titanium dichlorides, in which
the silylamino groups can be identical or different [4].
Here we report on the synthesis of bis(trimethylsilyl-
amino)-(2,2,5,5-tetramethyl-1,2,5-azadisila-cyclopent-1-
yl)titanium dichloride (3) and bis(2,2,5,5-tetramethyl-
1,2,5-azadisila-cyclopent-1-yl)titanium dichloride (4),
and on the successful conversion of 3 and 4 into the
corresponding di(1-alkynyl) derivatives 5 and 6
(Scheme 1). These complexes are rare examples [5], in

which the titanium bears both 1-alkynyl and amino
groups. First attempts to make use of the alkynyl
functions were made in 1,1-alkylboration reactions
which are known to work well for numerous 1-alkynyl-
metal compounds of main group metals [6], and for
alkynylplatinum(II) derivatives [7,8]; however, com-
pounds of type Cp2Ti(C�C�R)2 have been found to
react very sluggishly with trialkylboranes [9], accompa-
nied by extensive decomposition.

2. Results and discussion

2.1. Synthesis of the starting materials 1–6

The reaction of an excess of TiCl4 with bis[-
bis(trimethylsilyl)amino]plumbylene [10] affords
bis(trimethylsilyl)aminotitanium trichloride (1) in high
yield (Scheme 1a) as reported [3], and in an analogous
way 2,2,5,5-tetramethyl-1,2,5-azadisila-cyclopent-1-yl-
titanium trichloride (2) is accessible (Scheme 1b). In
contrast to TiCl4 itself, these trichlorides react cleanly
with various lithium silylamides to give bis(N-sily-
lamino)titanium dichlorides [4]. We have now built on
these results in order to prepare the new titanium
dichlorides 3 and 4 (Scheme 1a and b) with the inten-
tion to synthesise di(1-alkynyl)titanium compounds 5
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and 6 with amino groups at titanium. It turned out that
the presence of two rather bulky amino groups is
necessary for these compounds 5 and 6 to be formed,
and to be sufficiently stable and reactive at the same
time for use in further transformations. The combina-
tion of the different silylamino groups in 5 was particu-
larly useful in this respect, as well as the use of two
2,2,5,5-tetramethyl-1,2,5-azadisila-cyclopent-1-yl rings
in 6. Nevertheless, the complexes 5 and 6, rearrange
after some time into new compounds, possibly the
result of titanium-induced C–C coupling of the alkyne

units which can take place in various ways [11] and
needs still to be clarified in the present cases.

2.2. 1,1-Alkylboration of the di(1-alkynyl)titanium
deri�ati�es 5 and 6

The reaction of the di(1-alkynyl)titanium derivatives
5a, b with triethylborane and of 6a with triethylborane
or tripropylborane starts already �0 °C, and affords
almost quantitatively the titana-2,4-cyclopentadienes
7–9 (Schemes 2 and 3). The metallacycles 7–9 could
not be further purified, and attempts to isolate them
free of solvent led to extensive decomposition. Decom-
position into many unknown products became also
evident for solutions of 7–9 in C6D6 or [D8]toluene
when the NMR spectra were measured at room temper-
ature, and several hours of measurement time was
required for certain experiments (e.g. 15N-NMR spec-
tra). However, the evidence from a consistent set of
NMR data in solution is conclusive with respect to the
proposed structures of 7–9 (vide infra). The substituent
pattern at the five-membered ring is completely
analogous to that of other metalla-2,4-cyclopentadienes
obtained via 1,1-organoboration [6,8a,b]. Therefore, it
is assumed that the mechanism (outlined in Scheme 2)
which has been firmly established in other cases [6] will
be the same here.

Titana-2,4-cyclopentadienes have been obtained so
far mainly as titanocene derivatives by various routes
focusing on reduction of Cp2TiCl2 in the presence of
alkynes [12] or starting from the Cp2Ti generating
complex Cp2Ti(�2-Me3Si�C�C�SiMe3) [13]. Ancillary
2,6-diaminopyridines with bulky aryl groups linked to
the amino nitrogen atoms are required to stabilise
1,1-bis(amino)titana-2,4-cyclopentadienes [14]. Some ti-
tana-2,4-cyclopentadiene derivatives with bulky aryloxo
ligands were obtained, by reduction of (ArO)2TiCl2 in
the presence of alkynes [15a], and others were generated
in situ by reduction of (iPrO)2TiCl2 together with alky-
nes. All known titana-2,4-cyclopentdienes were found
to be extremely reactive in further catalytic or stoichio-
metric reactions.

The fact that the reaction of both 5c and 6c with
Et3B does not lead to titana-2,4-cylopentadienes, at
least not in significant amounts, indicates that some
potential intermediates are unstable, and other reaction

Scheme 1.

Scheme 2. Scheme 3.
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Scheme 4.

compounds, it appears that decomposition routes are
more competitive. Thus, one potential way of decom-
position may involve Ti-alkynyl/B-ethyl exchange after
which the ethyltitanium compounds decompose via �-
hydrogen elimination.

2.3. NMR spectroscopic results

13C-, 15N-, and 29Si-NMR data of 1–4 are given in
Table 1 together with data of the bis(bis(trimethylsily-
lamino)titanium dichloride. Table 2 lists the 13C-, 15N-,
and 29Si-NMR data of the di(1-alkynyl)titanium deriva-
tives 5 and 6, and Table 3 contains the 13C-, 11B-, 15N-,
and 29Si-NMR data of the metallacycles 7–9.

The NMR data of 3 and 4 are similar to those of
other bis(silylamino)titanium dichlorides. In solution,
compounds 3 and 4 are monomers, indicated by the
sharp 14N-NMR signals, and even equilibria of weak
association must be discarded because of the sharp 15N-
and 29Si-NMR signals (Fig. 1).

There is also no indication of association of the
1-alkynyl derivatives 5 and 6 in solution, where sharp
13C-NMR signals of the alkynyl carbon atoms are
observed in addition to sharp 15N- and 29Si-NMR
signals. The 13C(alkynyl)-NMR signals of 5 and 6 ap-
pear at slightly higher frequency (C�) and markedly
lower frequency (C�) when compared with
Cp2Ti(C(�)�C(�)�R)2 [16]. The 15N-NMR signals of 5
and 6 are shifted to lower frequency when compared
with 3 and 4 which indicates that the titanium atom
becomes less electron deficient than in 3 and 4. There is
also a slight shielding of the 29Si nuclei in 5 and 6 with
respect to 3 and 4.

The unstable titana-2,4-cyclopentadienes 7–9 had to
be identified by multinuclear magnetic resonance spec-
troscopy. The relevant 1H-NMR signals showed the
presence of a chiral titanium centre in 7a,b by splitting
of the 1H-NMR signals of the 4-CH2 group as well as
by the complex pattern of the 1H(BCH2) signals, and by
doubling of the 1H(SiMe2) signals. The 11B-NMR sig-

Table 1
13C-, 15N-, 29Si-NMR data a of the aminotitanium trichlorides 1 and
2, aminotitanium dichlorides 3 and 4 and bis[bis(trimethylsi-
lyl)amino]titanium dichloride

�15N�13C(other) �29Si�13C(SiMe)Compound

4.2 (56.0) – +26.3 11.81
1.0 (55.7) 8.5 (55.7)2 +26 b 28.4

[(Me3Si)2N]2 −51.35.1 (56.8) 4.3–

TiCl2
−48.85.3 (56.7) 4.3–3

20.3 (�C�Si)−64.09.2 (55.1)2.3 (55.1)
−58.42.2 (55.2) 20.29.3 (55.2)4

a All measurements in C6D6 solutions at 25�1 °C. All coupling
constants to 29Si (�0.1 Hz) are given in brackets.

b 14N-NMR measurement.

pathways are preferred which may be only side reac-
tions in the cases of 5a, b and 6b. In the cases of 5c and
6c, it can be assumed, in analogy to other trimethylsi-
lylethynyl derivatives [6], that the first 1,1-alkylboration
products, the alkenyltitanium derivatives, do not pos-
sess the desired configuration for further intramolecular
reactions (Scheme 4). We have shown that the 1,1-
alkylboration is reversible [6], and that finally the ring
formation dominates. However, in the case of titanium

Table 2
13C-, 15N-, 29Si-NMR data a of the di(1-alkynyl)-bis(silylamino)titanium compounds 5 and 6

�15NNo. �13C (�) �13C (�) �13C (SiMe3) �13C (SiMe2) �13C (SiCH2) �13C (R) �29Si

−0.5, 16.03.4010.0 (54.9)3.37 (54.9) −72.8, −88.05.8 (56.2)92.1148.95a
157.6 95.2 5.7 (56.2) 3.4 (54.9) 9.9 (54.9) 122.1 b 0.1, 16.8 −62.5, −79.95b
175.8 (9.1) 100.3 (73.7) 5.7 (56.3) 3.3 (55.0)5c 9.8 (55.0) −0.1 (55.7) 0.0, 16.7, −20.7 −60.2, −78.1

(�C�Si)
3.3 (54.9)–92.3146.26a −80.415.93.410.2 (54.9)

154.7 95.5 −70.36b 16.3– 122.2 c10.2 (54.9)3.3 (54.9)
6c 173.3 (9.1) –100.6 (73.7) 3.2 (55.0) 10.1 (55.0) 0.0 (55.9) 16.5, −20.9 −68.4

(�C�Si)

a All measurements in C6D6 solutions at 25�1 °C. All coupling constants to 29Si (�0.1 Hz) are given in brackets.
b Other 13C-NMR data: 132.7 (o), 128.57 (m), 128.63 (p).
c Other 13C-NMR data: 132.7 (o), 128.57 (m), 128.62 (p).
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Table 3
11B-, 13C-, 15N-, 29Si-NMR data a of the bis(silylamino)titana-2,4-cyclopentadienes 7–9

7b 8bNo. 9b7a

222.4�13C (2) 218.5218.1 218.5
�13C (3) 146.9 (br) 150.6 (br) 149.9 (br) 149.8 (br)

135.7�13C (4) 135.5132.9 134.4
216.1 211.6212.5 212.0�13C (5)

22.6/25.3�13C (Me(2,5)) – – –
146.8/148.0 b 146.7/147.5 c�13C (Ph-i) 146.7/147.6 d–
31.1/13.8 31.7/14.132.7/14.0 41.2/23.1/14.7�13C (R1)

22.6 (br)/9.5�13C (BR1)2 22.7 (br)/9.6 22.7 (br)/9.5 34.0 (br)/19.2/9.2
5.9 (55.6) –�13C (SiMe3) –6.1 (55.4)
3.5/3.7 (53.7) 3.1/3.4 (54.1)3.6/3.9 (54.1) 3.1/3.4 (54.2)�13C (SiMe2)

10.7�13C (SiCH2) 10.4 10.6 10.6
−3.6 –�29Si (SiMe3) –−5.1
11.9 11.412.0 11.4�29Si (SiMe2)

−147.3 (2.2)�15N(NSiMe3) −126.6 – –
−131.3 −129.8 (1.9)�15N(NSiMe2) −129.8−152.7 (3.3)
84�3 84�3 84�384�3�11B

a All measurements in C6D6 solutions at 25�1 °C, except 7a (measured in [D8]toluene). Coupling constants to 29Si (�0.1 Hz) are given in
brackets; (br) denotes a broad signal due to partially relaxed 13C–11B-coupling.

b Other 13C-NMR data: 125.27/125.7 (o), 127.9/128.1 (m), 125.30/125.8 (p).
c Other 13C-NMR data: 124.9/125.2 (o), 128.0/128.3 (m), 125.1/125.5 (p).
d Other 13C-NMR data: 124.9/125.2 (o), 128.0/128.2 (m), 125.1/125.5 (p).

Fig. 1. 15N-NMR spectroscopy was used for monitoring the formation of titana-2.4-cyclopentadienes. The simplicity of the spectra, and the large
differences in the �15N values for starting materials and the products enables one to find the best conditions for the reactions. The 15N-NMR
signals are recorded by use of the INEPT pulse sequence (based on 3J(15N,1HSiMe)�1.5 Hz; refocused and 1H decoupled). The 15N resonances
are visible after a short time (few minutes) as shown for the alkynes, and, after several hours, the 29Si satellites according to 1J(29Si,15N) (marked
by asterisks) are also visible, as shown for the titana-2,4-cyclopentadienes.

nals are all very broad, difficult to detect in the pres-
ence of trialkylboranes which give intense 11B-NMR
signal in the same range, typical of triorganoboranes

without significant CB(pp)� interactions [17]. Particu-
larly helpful were consistent 15N- (see Fig. 1), 29Si- and
13C-NMR data (Fig. 2). The 15N nuclei become much
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Fig. 2. 62.9 MHz 13C{1H}-NMR spectrum of the titana-2,4-cyclopentadiene 7a, showing the range of the olefinic carbon atoms with the typical
pattern of two sharp 13C(2,5)-NMR signals at high frequencies, another one for 13C(4) at lower frequency and a broad 13C(C(3)–B)-NMR signal
also at lower frequency.

more shielded in 7–9 than in the precursors 5 and 6
which can be interpreted, at least in part, by assuming
(pd)� interactions between the butadiene system and
titanium in the titana-2,4-cyclopentadienes [18]. Such
interactions, or better the sum of � and � interactions,
are also indicated by the usual deshielding of 13C(2,5)
nuclei attached to titanium. The presence of the titana-
2,4-cyclopentadiene ring with the boryl group in 3-posi-
tion is confirmed by the observation of two signals for
C(2,5) at high frequency, another sharp signal for C(4)
at lower frequency, and a typically broad signal at
moderately low frequency for C(3) linked to boron, all
in the olefinic region (see Fig. 2). The broad signal is
due to partially relaxed scalar 13C–11B coupling [19].
This characteristic pattern has been observed for all
metalla-2,4-cyclopentadienes prepared by 1,1-organob-
oration [6,8a,b].

3. Experimental

Preparative work and handling of samples was car-
ried out under an atmosphere of dry Ar, using oven-
dried glassware and dry solvents. Starting materials
were either commercial products (silylamines, BuLi (1.6
M in hexane), the alkynes, Et3B, Pr3B) or were pre-
pared according to literature procedures (1 [3]). NMR
spectra were measured by using a Bruker ARX 250
spectrometer, equipped with a multinuclear unit. Chem-
ical shifts are given with respect to Me4Si [�1H
(C6D5H)=7.15; �13C(C6D6)=128.0]; �11B
(Et2O�BF3)=0 for �(11B)=32.083971 MHz, �14N
(neat MeNO2)=0 for �(14N)=7.226455 MHz,
�15N(neat MeNO2)=0 for �(15N)=10.676136 MHz,

and �29Si (Me4Si)=0 for �(29Si)=19.867184 MHz.
15N-NMR spectra were measured by using the refo-
cused INEPT pulse sequence with 1H decoupling [20],
and 1H polarisation transfer was based on
3J(15N,1HSiMe)�1.5 Hz [21].

3.1. Preparation of the bis(silylamino)titanium
dichlorides 3 and 4

One equivalent of the titanium trichloride 1 or 2 (ca.
50–100 mmol) was suspended in hexane (50 ml) at
0 °C, and one equivalent of 2,2,5,5-tetramethyl-1,2,5-
azadisila-cyclopent-1-yl-lithium was added under vigor-
ous stirring. The reaction mixture was allowed to warm
up to room temperature (r.t.) and then stirred for 3 h.
All insoluble material was filtered off, and the solvent
was removed in vacuo to give the products as pure
(�95% according to 1H-NMR), yellow–orange or yel-
low oils.

3: yellow–orange oil; 1H-NMR (C6D6, 250 MHz):
�1H=0.40 (s, 18H, SiMe3), 0.48 (s, 12H, SiMe2), 0.53
(s, 4 H, SiCH2). 4: yellow oil; 1H-NMR (C6D6, 250
MHz): �1H=0.45 (s, 24H, SiMe2), 0.58 (s, 8 H,
SiCH2).

3.2. Preparation of the
di(1-alkynyl)bis(silylamino)titanium compounds 5 and 6

Bis(silylamino)titanium dichloride 3 or 4 (1 mmol) in
0.5 ml C6D6 was added to a suspension of two equiva-
lents of the respective lithiumalkynide Li�C�CR in 0.5
ml C6D6 at 0 °C. The reaction mixture was allowed to
warm up to r.t. After stirring the mixtures for 2–8 h (4
reacts faster than 3; Li�C�CR with R=Me (a) reacts
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faster than R=Ph (b) and SiMe3 (c)), the complete set
of NMR data showed almost quantitative formation of
the compounds 5 and 6.

5a: 1H-NMR (C6D6, 250 MHz): �1H=0.52 (s, 18H,
SiMe3), 0.60 (s, 12H, SiMe2), 0.70 (s, 4H, SiCH2), 1.44
(s, 6H, Me). 5b: 1H-NMR (C6D6, 250 MHz): �1H=
0.59 (s, 18H, SiMe3), 0.70 (s, 12H, SiMe2), 0.72 (s, 4H,
SiCH2), 6.91 (m, 6H, Ph), 7.43 (m, 4H, Ph). 5c: 1H-
NMR (C6D6, 250 MHz): �1H=0.09 (s, 18H, CSiMe3),
0.50 (s, 18H, NSiMe3), 0.60 (s, 12H, SiMe2), 0.63 (s,
4H, SiCH2). 6a: 1H-NMR (C6D6, 250 MHz): �1H=
0.61 (s, 24H, SiMe2), 0.72 (s, 8H, SiCH2),1.43 (s, 6 H,
Me). 6b: 1H-NMR (C6D6, 250 MHz): �1H=0.69 (s,
24H, SiMe2), 0.73 (s, 8 H, SiCH2), 6.92 (m, 6H, Ph),
7.46 (m, 4H, Ph). 6c: 1H-NMR (C6D6, 250 MHz):
�1H=0.11 (s, 18H, SiMe3), 0.63 (s, 24H, SiMe2), 0.69
(s, 8 H, SiCH2).

3.3. 1,1-Alkylboration of the 1-alkynyltitanium
compounds 5 and 6

In an NMR tube, of the respective di(1-alkynyl)bis-
(silylamino)titanium compound (0.5 mmol) was dis-
solved in 0.5 ml of C6D6 (5b and 6b) or in 0.5 ml of
[D8]toluene (5a, c and 6c) and cooled to 0 or −20 °C,
respectively. Then, trialkylborane (Et3B 5b, c and 6a–c
or Pr3B 6b; slight excess) was added and the solution
was allowed to warm up to r.t. The reactions with
alkynyl substituents R=Me (a), (b) led to the titana-
2,4-cyclopenta-2,4-dienes 7a, 7b, 8b and 9b in essen-
tially quantitative yield (NMR). The treatment of 5c
with Et3B yielded a complex mixture of products which
so far could not be analysed, whereas in the case of 6c
mainly decomposition products could be detected
(Scheme 4).

7a: 1H-NMR ([D8]toluene, 250 MHz): �1H=0.33 (s,
18H, SiMe3), 0.34 (s, 6H, SiMe2), 0.35 (s, 6H,SiMe2),
0.69 (s, 4H, SiCH2), 0.98 (t, 3H, CCH2CH3), 1.05 (t,
6H, BCH2CH3), 1.40 (m, 4H, BCH2), 1.91 (m, 2H,
CCH2), 2.13 (s, 3H, CMe), 2.28 (s, 3H,CMe). 7b:
1H-NMR (C6D6, 250 MHz), relevant signals: �1H=
0.28 (s, 18H, SiMe3), 0.41 (s, 6H, SiMe2), 0.43 (s, 6H,
SiMe2), 0.84 (s, 4H, SiCH2), 0.92 (t, 6H, BCH2CH3),
1.25 (m, 4H, BCH2), 1.70/2.30 (m, 2H, CCH2), 6.90–
7.30 (m, 10H, Ph). 8b: 1H-NMR (C6D6, 250 MHz):
�1H=0.36 (s, 12H, SiMe2), 0.40 (s, 12H, SiMe2), 0.78
(s, 8H, SiCH2), 6.), 0.89 (t, 3H, CCH2CH3), 0.95 (t, 6H,
BCH2CH3), 1.28 (m, 4H, BCH2), 2.06 (m, 2H, CCH2),
6.85–7.30 (m, 10H, Ph). 9b: 1H-NMR (C6D6, 250
MHz), relevant signals: �1H=0.30 (s, 12H, SiMe2),
0.35 (s, 12H, SiMe2), 0.73 (s, 8H, SiCH2), (m, 10H, Ph).
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