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Abstract—Competition experiments were performed by adding pre-formed solutions of diisopropyloxy(n>-cyclopentene)titanium in
diethyl ether to various mixtures of unsaturated compounds at low temperature, establishing the following reactivity scale: alde-
hyde > nitrile > ketone > terminal alkyne > internal alkyne > terminal alkene > ester, carbonate.

© 2007 Elsevier Ltd. All rights reserved.

The chemistry of dialkoxytitanacyclopropanes has
undergone extensive development since the original pub-
lication by Kulinkovich et al. describing the titanium-
mediated cyclopropanation of carboxylic esters, where
they were proposed as intermediates.! Such organo-
metallic species are usually generated from the reaction
of tetraisopropyloxytitanium or chlorotriisopropyl-
oxytitanium with a Grignard reagent, and can also be
considered as dialkoxy(n*-alkene)titanocene complexes.
They may react with unsaturated compounds either
according to a 1,2-insertion pathway (addition), as in
the cases of esters (Kulinkovich reaction),’? amides
(Kulinkovich-de Meijere reaction),® and nitriles (Kulin-
kovich-Szymoniak reaction),* or by a ligand exchange
process, as with alkenes,® alkynes,® aldehydes and
ketones (Scheme 1).”
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The relative reactivities of various acyl derivatives to-
wards titanacyclopropanes were studied by Cha et al.
10 years ago.® The following general trend was dis-
closed: ester =~ acyl chloride, anhydride > carbonate,
thioester > formamide > carboxamide. More recently,
the group of Bertus and Szymoniak demonstrated that
nitriles react faster than esters and carbonates with
titanacyclopropanes.” We reasoned that this known
reactivity scale could be extended using the method we
reported lately for the efficient and reproducible prepa-
ration of diethyl ether solutions of diisopropyloxy(n*
cyclopentene)titanium 1 containing low amounts of
unreacted Grignard reagent.'?

Indeed, 1 can be pre-formed and then added at low tem-
perature to the substrates to be studied. This is a great
advantage for mechanistic studies, since possible un-
wanted side reactions caused by the isopropyloxytita-
nium(IV)/Grignard reagent combination before the
formation of 1 are thus avoided. For instance, we found
that no reaction occurred when pre-formed complex 1
was put in the presence of the reagent ditertbutyldicar-
bonate (Boc,0) at —50 °C for 30 min. In contrast, when
cyclopentylmagnesium chloride was added at low tem-
perature to a diethyl ether solution of Boc,O and isoprop-
yloxytitanium(IV), ester 2 was formed and isolated in
31% yield (Scheme 2). The fact that no iodinated ester
was observed when the reaction was quenched with
iodine rules out the intermediacy of 1 in the formation
of 2. The mechanism probably involves chelation of
Boc,O by the titanium complex and the addition of
the Grignard reagent at one of the carbonyl groups,
rather than at the metal centre.
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For the competition experiments, the following experi-
mental protocol was applied: a solution of tetraisoprop-
yloxytitanium (2.0 mmol) and cyclopentyl-magnesium
chloride (3.0 mmol) in diethyl ether (5.0 mL) was al-
lowed to warm from —70°C to —50 °C in 5 min, and
then maintained at that temperature for 8 min, resulting
in the formation of about 1.0 mmol of 1. The reaction
medium was cooled down to —70 °C, and then added
via a double-ended needle to a solution of an equimolar
mixture of the two unsaturated compounds to be com-
pared (5.0 mmol each) in diethyl ether (10 mL) at
—70°C. The temperature was then raised linearly to
—30°C in 30 min. 1 N aqueous HCI solution (20 mL)
and diethyl ether (5.0 mL) were added at —30 °C. The
organic layer was separated, and the aqueous layer
was extracted with diethyl ether (2 x 20 mL). The com-
bined organic phases were then dried over magnesium
sulfate, filtered and concentrated under reduced pressure
to afford the crude product, which was analysed by
NMR spectroscopy. Pure products were isolated by
flash chromatography over silica gel.

The results are presented in Tables 1 and 2. In spite of
apparent complexity, they were generally easy to ana-
lyse, since most of the products observed were expected
in light of the known chemistry of titanacyclopropane
1.1 For instance, cyclopentylketones 4 and 7 were
formed by simple addition of complex 1 onto the corre-
sponding nitriles (Scheme 1, 1,2-insertion) followed by
hydrolysis, while the formation of benzaldehyde 3, sty-
rene 12 and alkene 21 results from ligand exchange of
1 with benzonitrile, phenylacetylene and 1-phenyl-
pent-1-yne, followed by hydrolysis. Diol 8 arose from
a pinacol-type coupling of acetophenone caused by li-
gand exchange followed by 1,2-insertion and hydrolysis.
The formation of benzil 5 or diphenylbutadienes 13 and
14 can be explained by invoking similar homo ligand
exchange/1,2-insertion sequences from benzonitrile or
phenylacetylene. Aminocyclopropane 6 is a Kulinko-
vich-Szymoniak reaction product from benzyl cyanide.*
In the general case, this reaction proceeds efficiently only
when a Lewis acid such as BF5-OEt, or TiCl, is added,*
which accounts for the low yield of 6.

On some occasions, cross-coupling products were ob-
served (10, 11, 20, 22 and 23) that were formed by ligand
exchange of 1 with one of the competing reagents fol-
lowed by 1,2-insertion of the other, and then hydrolysis.
Ligand exchange with acetophenone rather than the
non-documented exchange with benzyl cyanide can rea-
sonably be invoked to account for the formation of
hydroxyketone 20 after subsequent 1,2-insertion of

Table 1. Competition experiments performed by adding complex 1 to diethyl ether solutions of equimolar mixtures of unsaturated compounds and

phenylacetylene®
Entry 1 2 3 4 5 Products (origin)
Compound A PhCN BnCN PhC(O)Me Ph——== EtOCO,Et
Compound B Ph —=
Yields (%) 24° PhCHO 3(A)
12¢ ¢CsHyC(O)Ph 4 (A)
7 PhC(O)C(0O)Ph 5(A)
L NH,
20 (I 6 (A)
Bn
15° ¢CsHyC(O)Bn 7 (A)
434 HO, OH 8 (A)
Ph Ph
13¢ 9 (A
Ph J\OH (A)
10° N 10 (A then B or B then A)
en or en
Ph /\)\/nPr
nPr
5P 11 (A then B or B then A
Ph /\)\/Ph ( )
7° 6° g® 11° 7° PR 12 (B)
1° 3b 7° 42° 47° ph S Ph 13 (B)
8P 17° 200 o 14 (B)
ph/\&
Reactivity ratio 5.4:1 3.9:1 2.4:1 1:4.7 or 1:>40 1:>40

#Yields are calculated on the basis of 1.0 mmol of complex 1 expected to be formed from 2.0 mmol of Ti(OiPr)4 and 3.0 mmol of ¢CsHoMgCl.

®Yield estimated by '"H NMR spectroscopy of the crude product.

“Isolated yield, in close agreement with the yield estimated by "H NMR spectroscopy of the crude product.

4 difmeso ~ 77:23.
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Table 2. Competition experiments performed by adding complex 1 to diethyl ether solutions of equimolar mixtures of two unsaturated compounds®

Entry 1 2 3 4 5 6 Products (origin)
Compound A PhCHO  iPrCHO  PhCHO  PhC(O)Me®  Ph—=—npr EtOCO,Et
Compound B PhCN BnCN P
Yields (%) 31° 3 (B)
13¢ 4 (B)
74 5(B)
114 6 (B)
2¢ 144 7 (B)
119¢ 8 (A)
54 9 (A)
117° 125° Ph” OH 15 (A)
124° 1 16 (A)
iPr )J\O/\lPr
18¢ iPr” T OH 17 (A)
OH
10° E>—< 18 (A)
iPr
: HO_ OH
4 19 (A)
iPr iPr
J Ho, 0
4 20 (A then B)
Ph Bn
63¢ P’ nPr 21 (A)
\ Ph
7 Ph™ Y 22 (A then B)
nPr
21¢ ph->CO2Et 23 (B then A)
Reactivity ratio >40:1 3.1:1 62:1 1:1.2 >40:1 1:>40

#Yields are calculated on the basis of 1.0 mmol of complex 1 expected to be formed from 2.0 mmol of Ti(OiPr)4 and 3.0 mmol of ¢CsHyMgCl.
® The addition of complex 1 onto the solution of benzyl cyanide and acetophenone was performed at —30 °C because of solubility issues.

°Yield estimated by "H NMR spectroscopy of the crude product.

91solated yield, in close agreement with the yield estimated by "H NMR spectroscopy of the crude product.

¢ dl/meso ~ 69:31.

benzyl cyanide. Similarly, ethyl 3-phenylpropanoate 23
very probably arises from ligand exchange with styrene
as the first elementary step,!! and alkene 22 is most
likely due to ligand exchange with the alkyne first.
Indeed, had ligand exchange proceeded with styrene,
the resulting titanacyclopropane would have reacted
with 1-phenyl-pent-1-yne by ligand exchange rather
than 1,2-insertion. In the cases of 10 and 11, further
experiments would be needed to get more insight on
the mechanism of their formation and two conceivable
reactivity ratios are proposed for the time being.

Amidst all the compounds evaluated, aldehydes proved
to be the most reactive. Surprisingly, unlike ketones
which reacted with 1 in a 2:1 molecular ratio to provide
1,2-diols after hydrolysis, aldehydes afforded primary
alcohols and/or esters as the main reaction products.
These processes resemble the Meerwein—Ponndorf—Ver-
ley (MPV)!>"14 and Tishchenko reactions,!> which are
typically mediated by aluminium alkoxide Lewis acids.
In the present case, it is worthy of note that the products
were formed in larger amounts than the initial quantity
of complex 1, and the latter was actually involved since
the conversion of the competing nitriles was inhibited
(Table 2, entries 1 and 3).'® Moreover, when the exper-
iments shown in entries 1 and 2 of Table 2 were repeated

with deuterium oxide being added to quench the reac-
tions, no deuterium incorporation at carbon was ob-
served in the primary alcohol products. On the basis
of these observations, a tentative, speculative mecha-
nism may be proposed, but further experiments would
be needed to support it (Scheme 3).
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Table 3. Scale of reactivity of some unsaturated compounds with
diisopropyloxy(n*-cyclopentene)titanium 1 at low temperature
(£-30°C)

Unsaturated  Relative Reactivity
compound rate
PhCHO 240 MPYV Reduction
}CHO 16.5 Tishchenko reaction,
MPV reduction, 1,2-insertion
and ligand exchange
Ph-CN 5.5 Ligand exchange and 1,2-insertion
Ph"CN 3.5 1,2-Insertion
(@] .
2.5 Ligand exchange
Ph)J\ g g
Ph 1 Ligand exchange

Ligand exchange

Ph =/ <0.2
~ <5%x1073 Ligand exchange
)OL <107* 1,2-Insertion

Finally, it should be underlined that a part of the ob-
served amounts of compounds 4, 7, 9, 15, 17 and 18
may also proceed from the reaction of residual amounts
of cyclopentylmagnesium chloride with the nitriles,
ketone or aldehydes put into play. The total yields of
products resulting from such direct processes should
normally not exceed 10%.!°

From all the results collected, a scale of reactivity of the
unsaturated compounds under study can be proposed.
Relative rates can be roughly estimated on the basis of
the reactivity ratios found in the competition experi-
ments, and are presented in Table 3, with phenylacetyl-
ene being chosen as a reference. Future work in the area
should help refining these values and enrich the table. It
should be pointed out that for the time being, these
results can only be deemed valid in the special case of
complex 1, and differences in reactivity should be ex-
pected with other titanacyclopropanes. Indeed, very dif-
ferent results have been reported for some reactions,
depending on the nature of the complex involved, either
1 or its [4.1.0] homologue diisopropyloxy(n>-cyclohex-
ene)titanium.'” The behaviour of diisopropyloxy(n>-tri-
methylsilylethylene)titanium may also be cited here.
This complex was reported to add to aldehydes via a
1,2-insertion pathway in good yield,'® in sharp contrast
with our results obtained using 1.

Importantly, besides establishing the reactivity scale
mentioned above, the competition experiments also fur-
nished some secondary information on the reactivity of
diisopropyloxytitanocene complexes 24, 25 and 26
resulting from ligand exchange of 1 with benzonitrile,
acetophenone and phenylacetylene (Fig. 1).

Namely, the results suggest that 24 reacts with benzonit-
rile in preference to phenylacetylene (Table 1, entry 1),
and 26 reacts chemoselectively with phenylacetylene
rather than ethyl carbonate (Table 1, entry 5). Similarly,
25 reacts exclusively with acetophenone rather than phen-

N___OiPr o._QiPr LQiPr
T ipr F’hJ(\T ‘oipr J]:r ‘oipr
Ph PH
24 25 26
Figure 1.

ylacetylene (Table 1, entry 3), and about 3 times faster
with acetophenone than with benzyl cyanide (Table 2,
entry 4).

In summary, through the means of competition experi-
ments, a scale of reactivity has been established for the
reaction of diisopropyloxy(n>-cyclopentene)titanium 1
with several unsaturated compounds, including nitriles,
carbonyl derivatives, alkynes and alkenes. Among the
molecules tested, aldehydes reacted fastest, following
an unusual mechanistic pathway. With the knowledge
of the results presented herein, novel coupling reactions
mediated by 1 can be envisioned, both in the inter- and
intramolecular modes. We are currently developing such
an application, which will be published in due time.
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