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Advanced Procedure for the Preparation of cis-1,2-Dialkylcyclopropanols —
Modified Ate Complex Mechanism for Titanium-Mediated Cyclopropanation
of Carboxylic Esters with Grignard Reagents

Oleg G. Kulinkovich*!2! and Dzmitry G. Kananovich!?!
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A procedure for the preparation of cis-1,2-dialkylcyclopropa-
nols by titanium(IV) alkoxide-mediated cyclopropanation of
carboxylic esters with Grignard reagents, involving the ad-
dition of 1.5 equiv. of a higher homologue of ethylmagnesium
halide to a mixture of 1 equiv. of carboxylic ester, 1 equiv. of
titanium(IV) isopropoxide, and 1.5 equiv. of methylmagne-
sium halide in ether or tetrahydrofuran at room temperature,
has been elaborated. This procedure minimizes the forma-
tion of secondary alcohol side products with chromato-
graphic retention factors close to those of the cis-1,2-disubsti-
tuted cyclopropanols. Inhibitory action of carboxylic esters

toward the reduction of titanium(IV) isopropoxide with Grig-
nard reagents was observed. This observation, along with
some other data, allowed us to suggest a modified ate com-
plex mechanism for the cyclopropanation, proceeding via the
corresponding octahedral titanium intermediates. In the con-
text of this mechanism, a suitable explanation for the neces-
sity to use an additional equivalent of Grignard reagent in a
stoichiometric version of the reaction was found and experi-
mentally verified.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Substituted cyclopropanols are readily available com-
pounds with considerable synthetic potential, due to their
ready ability to engage in various three-carbon ring-cleav-
age reactions.!!?! In our studies on the elaboration of a ster-
eoselective method for the preparation of trisubstituted ole-
fins through cationic cyclopropyl-allyl rearrangements of
cyclopropyl sulfonates®# we needed to operate with stereo-
chemically pure cis-1,2-dialkylcyclopropanols (cis-1). A

2 iPrOMgBr H \_(\Rz
RZJQ/Ti(OiPr)Z
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convenient approach to the synthesis of these compounds
is the titanium(IV) alkoxide-catalyzed cyclopropanation of
carboxylic esters 2 with higher homologues of ethylmagne-
sium halides (Scheme 1), acting in this transformation as
equivalents of dialkoxytitanacyclopropane reagents A,[>-*
which, it had been suggested, might be formed by elimi-
nation of alkanes from dialkyltitanium precursors B.3-%-19]
Preferential formation of cis isomeric cyclopropanols in the
reactions between esters and the alkoxytitanacyclopropane
reagents was explained theoretically in terms of stabilizing
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Scheme 1. Synthesis of 1,2-disubstituted cyclopropanols.
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agostic interactions between the Ti atom and the geminal
hydrogen in the transition state of the three-carbon ring-
closing step.l''] Cyclopropanols cis-1 were produced in the
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reaction as major products and could be easily separated
from the corresponding minor trans isomers by column
chromatography. However, up to 10-20% of secondary
alcohols 3 were also generated as by-products under these
conditions, and the retention factors (R, values) of alcohols
3 and cyclopropanols cis-1 were close when chromato-
graphic separation was performed over silica gel or alu-
mina, which enormously complicates the chromatographic
isolation of cis-1 in a pure form.

Here we have managed to develop an advanced pro-
cedure for the preparation of cyclopropanols cis-1 by tita-
nium-mediated cyclopropanation of carboxylic esters with
Grignard reagents in a modified procedure that gives no
appreciable quantities of the by-products possessing chro-
matographic properties similar to those of cis-1. A stabiliz-
ing effect of esters on titanium(IV) alkoxide ate complexes
with the Grignard reagents was also revealed during this
study. These findings and several other results obtained en-
abled us to propose the modified ate complex mechanism
for the cyclopropanation of carboxylic esters with alkoxytit-
anacyclopropane reagents.

1) 2-3 equiv. nPrMgBr,
0.15-1 equiv. Ti(OiPr), (A);
2 equiv. iPrMgBr,
0.15 equiv. Ti(OiPr), (B);

Results and Discussion

Methyl butyrate (2a) was chosen as a model compound
with which to clarify general tendencies in secondary
alcohol formation during titanium-mediated cyclopropan-
ation of esters. Treatment of n-propylmagnesium bromide
with ester 2a in diethyl ether in the presence of catalytic
amounts of titanium(IV) isopropoxide (Procedure A, cata-
lytic mode) produced a mixture of stereoisomeric cyclopro-
panols cis/trans-1a together with heptan-4-ol (3a) in good
yield (Scheme 2). Product ratios depended slightly on reac-
tion times (Table 1, Entries 1 and 2), changing of titani-
um(IV) isopropoxide to titanium chlorotriisopropoxide
(Entries 2 and 3), relative quantities of titanium(IV) alk-
oxide (Entries 4 and 5), the alkoxide moiety structure in the
substrate (Entries 2 and 6), and temperature (Entries 4, 7
and 8). Minor quantities of cyclopropanol trans-la were
formed in somewhat lower amounts when the reaction was
performed in THF (Entries 4, 5, 7, and 8). In the case of
the titanium(IV) isopropoxide-catalyzed reaction between
methyl butyrate (2a) and isopropylmagnesium bromide

0 2) 10% H,S0, HO., o OH
/\)J\ g + /\)\/\ +
OMe
2a la 3a 4a
Procedure A:  75-84% 10-13% 0%
Procedure B:  70-73% 7-8% 11-15%
Scheme 2. Cyclopropanation of methyl butyrate (2a).
Table 1. Cyclopropanation of methyl butyrate (2a).
Entry RMgBr# Ti(OiPr), Conditions!®! Yields (%) of products!l
(equiv.) 1a (cis/trans) 3a

1 nPrMgBr 0.15 Et,O, room temp., 3 h 76 (86:14) 12
2 nPrMgBr 0.15 Et,0O, room temp., 1.5h 76 (85:15) 13
3 nPrMgBr 0.154 Et,0, room temp., 1.5h 81 (88:12) 10
4 nPrMgBr 0.15 THE, room temp., 1.5h 84 (93:7) 10
5 nPrMgBr 1 THEF, room temp., 1.5h 71 (90:10) 13
6lel nPrMgBr 0.15 Et,0, room temp., 1.5h 79 (80:20) 10
7 nPrMgBr 0.15 THE, reflux, 1 h 79 (91:9) 11
8l nPrMgBr 1 THF, -78—0 °C 75 (90:10) 12
9 iPrMgBr 0.15 Et,0, room temp., 1.5h 70 (80:20) 7tel
10 iPrMgBr 0.15 THF, room temp., 1.5h 73 (90:10) 8hl

[a] 2.2 Equiv. of Grignard reagent were employed in the catalytic version, and 3 equiv. in the stoichiometric version of the reaction. [b]
Time of Grignard reagent addition is indicated. [c] Determined from the 'H NMR spectrum of the reaction mixture after the aqueous
workup and solvent removal. [d] TiCI(OiPr); was used in place of Ti(OiPr),. [e] Isopropyl butyrate was used in place of methyl butyrate
(2a). [f] Ester 2a was added to a mixture of 1 equiv. Ti(OiPr), and 3 equiv. nPrMgBr at —78 °C. [g] Alcohol 4a (11%) was also detected.
[h] Alcohol 4a (15%) was also detected.
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(Procedure B, catalytic mode), branched secondary alcohol
4a was formed as a by-product along with unbranched
alcohol 3a.

It could be suggested that the precursors to secondary
alcohols 3a and 4a were the corresponding ketones. How-
ever, when n-propylmagnesium bromide (2equiv.) was
added at room temperature to an equimolar mixture of tita-
nium(IV) isopropoxide and dipropyl ketone (5) in diethyl
ether, only minor amounts of secondary alcohol 3a (ca.
15%) were obtained and tertiary alcohol 6 was mainly
formed (Scheme 3). Since this had not been detected in sub-
stantial amounts in the products of the titanium-catalyzed
cyclopropanation of ester 2a, it could be concluded that
the appearance of secondary alcohol 3a among the reaction
products was by a different route.

0 .
P
5 .
1) 2 equiv. nPrMgBr,
Et,0,rt,2h
2) H,0"

75% conversion

AH%&*%

6

60% 15%

Scheme 3. Reaction between ketone 5 and 2 equiv. nPrMgBr and
1 equiv. Ti(OiPr)s.

We further studied deuterium distribution in secondary
alcohol 3d-(D) obtained from the reaction between methyl
pivalate (2b) and (CD3),CHMgBr in the presence of cata-
lytic amounts of titanium(IV) isopropoxide in diethyl ether
(Scheme 4). The selection of the substrate 2b simplified the
assignment of the resonance signals in the 'H and !3C

1) 2.2 equiv. (CD;),CHMgBr,
0.15 equiv. Ti(OiPr),, Et,0

0 2) 10% H,SO,
Bu” OMe 60% yield
2b
D .D OHH D
HOAWCD_s + IBHMCDz
Bu D D
1b-(D) 3b-(D)
85% 15%

Scheme 4. Cyclopropanation of methyl pivalate (2b) with (CD)s-
CHMgBr.
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NMR spectra of the alcohol 3b-(D), since the singlet signals
from the fert-butyl group did not complicate the spectral
analysis. After removal of the solvent and the remaining
starting ester 2b by evaporation, a mixture of cis- and trans-
cyclopropanols 1b-(D) (cis/trans = 30:70), along with sec-
ondary alcohol 3b-(D), was isolated in 60% overall yield.
Preferential formation of trans-cyclopropanol 1b-(D) is ob-
served in this case as a result of unfavorable steric repulsion
between CD; and fert-butyl groups in the transition state
leading to cyclopropanol cis-1b-(D).['?! Alcohol 3b-(D) was
isolated as a major by-product by column chromatography
after treatment of the reaction mixture with an appropriate
amount of N-bromosuccinimide to convert cyclopropanols
1b-(D) into the corresponding bromoketone with a higher
R value.l'?]

Incorporation of deuterium at C3 and C5 in compound
3b-(D) was confirmed by its 1*C NMR spectrum, showing
triplet signals for carbon atoms C3 (6 = 79.0 ppm, J =
21.2 Hz) and C5 (6 = 19.3 ppm, J = 19.2 Hz), shifted up-
field in comparison with the same signals in undeuterated
alcohol 3b (see Exp. Sect.). The deuterium contents at C3
and C5 in compound 3b-(D) were estimated from the 'H
NMR spectroscopic data as 95% and 85 %, respectively (see
Exp. Sect.). Interestingly, deuterium insertion had occurred
diasterecoselectively, with one of the diastereomers of
alcohol 3b-(D) predominating (>85:15 ratio), as was de-
duced by comparison of the '"H NMR spectrum of 3b-(D)
with that of undeuterated alcohol 3b. The spectrum of the
latter compound showed two different signals with compar-
able intensities for the diastereotopic protons at CS,
whereas compound 3b-(D) gave predominantly only one of
the corresponding signals.

A possible pathway for deuterium incorporation at C3
and C5 in compound 3b-(D) would be B-hydride shifts in
the corresponding dialkyltitanium species (vide infra,
Scheme 8).1'% It was conjectured that the generation of tit-
anacyclopropane intermediates from organomagnesium
compounds not possessing hydrogens B to the metal atom
as sacrificial alkylating agents should minimize the forma-
tion of secondary alcohols by this route. Methyltitanium
triisopropoxide had successfully been used earlier for the
cyclopropanation of esters and N,N-dialkylcarboxamides
with Grignard reagents.l'“1% To avoid an additional meth-
yltitanium triisopropoxide preparation procedure, we
studied the possibility of employing the sequential addition
of organomagnesium reagents to a mixture of titanium(IV)
isopropoxide and a carboxylic ester under conventional
conditions.

Addition of n-propylmagnesium bromide (1 equiv.) to an
equimolar mixture of titanium(IV) isopropoxide and ester
2a in diethyl ether at room temperature resulted, after 15 h
and aqueous workup, in the formation of isomeric cyclo-
propanols 1a (14%) and alcohol 3a (4%), along with start-
ing compound 2a (2%) and isopropyl butyrate (7a) (80%).
The slow reaction rate between the Grignard reagent and
the mixture of ester 2a and titanium(IV) isopropoxide un-
der the studied conditions was surprising because we had
recently reported evidence on the fast generation of titani-
2123
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um(III) isopropoxide on treatment of titanium(IV) isopro-
poxide with ethylmagnesium bromide in diethyl ether at
room temperature.['”) Similarly, in the absence of the ester
2a, n-propylmagnesium bromide reacted rapidly with titani-
um(IV) isopropoxide with intense gas evolution, and the
reaction mixture turned black due to the formation of low-
valent titanium species. These results indicate that ester 2a
inhibits titanium(1V) alkoxide reduction with the Grignard
reagent and we believe that the inhibition may be caused by
the formation of relatively stable octahedral ate complex
CU'81 (Scheme 5). This is slowly transformed into the reac-
tion products through intermolecular alkyl ligand exchange,
resulting in the formation of alkoxide ate complex D and
dialkyltitanium ate complex E. Elimination of propane
from complex E gives titanacyclopropane ate complex F,
which is further transformed into cyclopropanol 1a and
alcohol 3a (see below).

The inhibition by ester 2a of titanium(I'V) alkoxide re-
duction with alkylmagnesium halides allowed us to infer
potential for the generation of dialkyltitanium intermedi-
ates merely by sequential addition of Grignard reagents to
equimolar mixtures of titanium(IV) isopropoxide and the
carboxylic ester. In fact, addition of n-propylmagnesium
bromide (1 equiv.) and then methylmagnesium iodide (1—
2 equiv.) to a mixture of methyl butyrate (2a, 1 equiv.) and
titanium(IV) isopropoxide (1 equiv.) in diethyl ether (Pro-
cedure C) resulted in the formation of stereoisomeric cyclo-
propanols 1a, secondary alcohol 3a, transesterification
product 7a, and secondary alcohol 8a (Scheme 6, Table 2,
Entries 1 and 2). Although this procedure gave cyclopropa-

nol 1a in only about 40% yield, the content of alcohol 3a
in the reaction mixture was lower than 5%.

The reactivity of methylmagnesium halides toward equi-
molar mixtures of ester 2a and titanium(IV) isopropoxide
proved to be significantly lower than that of propylmagne-
sium bromide. Addition of methylmagnesium iodide or
methylmagnesium bromide (1 or 2 equiv.) to titanium(IV)
isopropoxide (1 equiv.) in diethyl ether or THF at room
temperature thus gave yellow or orange solutions that were
stable for several hours, with the mixture turning black due
to the formation of low-valent titanium species only when
a third equivalent of methylmagnesium halide was added.
When a mixture of methyl butyrate (2a, 1 equiv.), titanium-
(IV) isopropoxide (1 equiv.), and methylmagnesium iodide
(2 equiv.) in diethyl ether was kept at room temp. for 0.5 h,
only a 40% yield of isopropylbutyrate 7a, along with 60%
of starting compound 2a, was detected after hydrolysis, and
no products of ester alkylation with methylmagnesium
iodide were found.

The dependence of the yields of cyclopropanols 1a and
alcohols 3a and 8a on the ratio of organomagnesium com-
pounds when n-propylmagnesium bromide was added to an
equimolar mixture of ester 2a, titanium(IV) isopropoxide,
and methylmagnesium iodide (procedure D) are summa-
rized in Table 2 (Entries 3-9).[' This order of mixing of the
reagents resulted in significant enhancement of the yields
of cyclopropanols 1a, while the combined yields of by-prod-
ucts 3a and 8a remained nearly the same as those obtained
in Procedure C (Table 2, Entries 1-4). Use of increasing
amounts of methylmagnesium iodide gave lower quantities

QiPr
BngJr Ti(OiPr)4

OMe
_ D
nPrMgBr BrMg™  Ti(OiPr), J
2a + Ti(OiPr), A
\/\f slowly
OMe
C
BrMg" C3Hg
_\—Tgoz:r) / BiMg™  Ti(OiPr);
172 i 3 12 :O — s+ 3a
\/YO \/\l//

OMe

OMe

Scheme 5. Reaction between ester 2a and 1 equiv. of nPrMgBr and 1 equiv. of Ti(OiPr),.
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1) 1 equiv. nPrMgBr,

then 1-2 equiv. MeMgl (C) or

1-2 equiv. MeMgl,

then 1-2 equiv. nPrMgBr (D)

OH
2) 10% H,SO,
2a + Ti(QiPr), la. + 3a + 7a + )\/\
8a
Procedure C:  35-47% 3-4% 47-57% 3-4%
Procedure D:  56-91% <2—-6% 0-25% 5-13%
Scheme 6. Cyclopropanation of methyl butyrate (2a) with nPrMgBr and MeMgl.
Table 2. Cyclopropanation of methyl butyrate (2a) with nPrMgBr and MeMgl in Et,O.
Entry MeMgl nPrMgBr Procedurel?] Yields (%) of products™<!
(equiv.) (equiv.) la 3a 8a 2a+7a
1 1 1 C 35 4 4 57
2 2 1 C 47 3 3 47
3 1 1 D 56 5 5 34
4 2 1 D 60 <2 13 25
5 1 2 D 77 6 6 11
6 2 2 D 85 <2 13 0
7 1.5 2 D 88 <2 10 0
8 1.5 1.5 D 88 <2 10 0
9 1.5 1.5 DIl 91 <2 7 0

[a] Procedure C: nPrMgBr (1 equiv.) and then MeMgl (1-2 equiv.) were added at room temp. to an equimolar mixture of ester 2a and
Ti(OiPr), in diethyl ether. Procedure D: ester 2a (1 equiv.) and then nPrMgBr (1-2 equiv.) were added at room temp. to an equimolar
mixture of 1-2 equiv. MeMgl and Ti(OiPr), in diethyl ether. [b] Determined by '"H NMR spectroscopy. [c] Combined yields of cis-1a

and trans-1a. [d] At 0 °C.

of alcohol 3a, but almost proportional increases in the
yields of pentan-2-ol (8a) took place in these cases (En-
tries 3-9). The lowest yield of secondary alcohol 8a was ob-
served when 1.5 equiv. of methylmagnesium iodide were
used and the reaction was performed at 0 °C (Entry 9).

We believe that the secondary alcohols 3a, 4a, and 8a are
formed from a common intermediate, since their combined
yields remained nearly constant in all cases examined
(Table 1 and Table 2). This intermediate is probably oxatit-
anacyclopropane intermediate G,*% generated through the
alkylation of ate complex C, followed by elimination of al-
kane in dialkyltitanium intermediate H (E when R = nPr)
and propene displacement in the resulting titanacyclopro-
pane complex F with the Grignard reagent (Scheme 7). In
view of the evidence of the ate complex C intermediate for-
mation discussed above, along with the high oxophilicity of
titanium and its tendency to form octahedral complexes,?!!
all putative intermediates will from now on be depicted as
octahedral complexes.

Consistently with this hypothesis, the transformation of
oxatitanacyclopropane intermediate G into secondary
alcohols 3a (R = Pr), 4a (R = iPr), and 8a (R = Me) could
be assumed to proceed through heterolytic rearrangement
and subsequent hydrolysis of the resulting oxatitanacyclo-
propane intermediate I. The main driving forces for the re-
arrangement of intermediate G to I could be stabilization

Eur. J. Org. Chem. 2007, 2121-2132
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of carbocationic species by oxygen as well as the strength
of the Ti-O bond.l?!l

In oxatitanacyclopropane G, containing an alkyl group
with B-hydrogens, the B-hydride shift process evidently com-
petes with the G to I rearrangement, resulting in titanacy-
clopropane intermediate J. This in turn rearranges to oxati-
tanacyclopentane K, which after hydrolysis gives alcohol 3a
(Scheme 7). This reaction channel is blocked when methyl-
magnesium halide is used as a sacrificial reagent, since this
results in the generation of intermediate G (R = Me) with-
out hydrogens B to the metal atom, resulting in a decrease
in the yield of alcohol 3a (Table 2). When an excess of n-
propylmagnesium bromide or isopropylmagnesium bro-
mide is present, intermediates I and K can also be trans-
formed into alcohols 3a, 4a, and 8a through disproportion-
ation of the corresponding dialkyltitanium intermediates
(vide infra).

The deuterium distribution in by-product 3b-(D) from
the titanium(IV) isopropoxide-catalyzed reaction between
methyl pivalate (2b) and (CD3),CHMgBr (Scheme 4) fits
with the proposed mechanism. Oxatitanacyclopropane in-
termediate L [L equals G when R = CH(CD;), and Pr is
replaced with /Bu] undergoes a B-hydride shift, forming tit-
anacyclopropane M. Rearrangement of this gives oxatitana-
cyclopentane N, which again undergoes alkylation followed
by a B-hydride shift in the dialkyltitanium intermediate O
2125
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RMgBr Mg(OiPr)Br
- T, RH
nPrMgBr BrMg" Ti(OiPr), U BrMg" R—Ti(OiPr);
2a + Ti(OiPr), \/\%O \/\I//O - S .
OMe OMe
C H
7. RMgBr X ‘ | )
BrMg" Ti(OiPr)s 2 BrMg El{ 5 2 BrMg Me(l) 5 H;0
’ N Ti(OiP Ti(OiPr); or PrMgBr
\/YO \/><I 1(Oi I‘)} \/X(l)( )3 3a, 42, 8a
MeOo  © R = Me, nPr, iPr R
OMe
R = nPror iPr
2- Cl)Me H;0*
2BrMg"  Ti(OiPr + 2- :
rvlg | ( )3 2 BrMg Ti{OiPr);  or PrMgBr
o _— i P2 . 3a
\/\r o
OMe
R = Me, nPr or iPr J K
Scheme 7. Proposed mechanism for the formation of secondary alcohols 3a, 4a, and 8a.
3(CDy),CHMgBr D7 ¢p, + D3CCHDCD; cp,
) D 2BrMg" D
2_
O / CD; D~ Ti(0iPr),
2b + Ti(OiPr),4 2 b (I)
Bu TI(OIPI‘)_; B >‘/ 2 BrMg*
MeO™ O OMe
L M
D D
(CDj3),CHMgBr Mg(OMe)Br 2 BrMg' D CD,
D D D CDs D 5 N
CD; D5C 2= D D Ti(OiPr) H;0
D Ti(OiPr), i
Bu” N\ -Ti(0P DA D 0 . 3
Bu” No~Ti(OiPr); D 0 , BrMg' o5 By
2BrMg" OMe D By sH D
N o P

Scheme 8. Proposed mechanism for the formation of alcohol 3b-(D).

to afford the titanacyclopropane intermediate P. This in
turn participates in further reactions without structural
transformations of alkoxide moieties, finally resulting

after hydrolysis in heptadeuterated alcohol 3b-(D)
(Scheme 8).
2126 WWW.EUIjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 3 presents the yields of cyclopropanols 1a—f, along
with the corresponding by-products, obtained in the reac-
tions between esters 2a—f and titanacyclopropane reagents,
generated by a standard catalytic procedure (procedure A),
and by the stoichiometric version proposed here (pro-

Eur. J. Org. Chem. 2007, 2121-2132
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Table 3. Synthesis of 1,2-disubstituted cyclopropanols from esters 2a—f.

Yield (%)  Yield (%) of Content (%)

. .
Entry Ester R R? Procedurel*) of cis-1" frans-11 of impurity Yield [(SA))
solvent 3in cis-15) of 8
mn cis

A, THF 68 5 16 -

1 2a nPr Me D, THF 67 8 <1 13
D, Et,0 65 12 @ <1 8
A, Et,O 49 (cis:trans =25:75) 18 -

2 Bu Me D, E6O 55 (cis:trans = 40:60)1% 3 15
A, THF 70 3 12 -

3 2¢ Me nBu D, THF 80 2 <2 -l
D, Et,O 82 2 <2 -l
A, THF 71 5 15 -

4 2d nCsHy, Me D, THF 75 8 <1 13
D, EL,O 75 13 <1 8
A, THF 67 7 20 -

5 2¢e  CI(CHy): Me D, THF 73 5 - 15
D, Et,O 74 10 - 8

I\

6 2f o)<o/CH2 Me A, THF-EL,O 80 (cis:rans = 95:5)18 20 -

D, THF goh] 3 <1 14

[a] Procedure A: 0.15 equiv. Ti(OiPr),, 2.2 equiv. R?(CH,),MgBr, THF or Et,O, room temp. Procedure D: 1 equiv. Ti(OiPr),, 1.5 equiv.
MeMgl (in ether) or MeMgBr (in THF), then 1.5 equiv. R%(CH,),MgBr, Et,O or THF, 0 °C. [b] Isolated yields. [c] Determined by 'H
NMR spectroscopy. [d] Determined by '"H NMR spectroscopy. Products were not isolated. [e] The yield was not determined (8¢ = iPrOH).
[f] Not detected. [g] See ref.??! [h] 2.5 equiv. of nPrMgBr were used to achieve full conversion of 2f.

cedure D) (Scheme 9). As in the example of ester 2a, cyclo-
propanation of esters 2b—f by procedure A in most cases
gave the corresponding 1,2-disubstituted cyclopropanols
1b—f with 90% or higher cis stereoselectivity. The only ex-
ception was the sterically hindered methyl pivalate (2b),
which gave mainly trans-cyclopropanol 1b in moderate
yields (Table 3, Entry 2). Again, the cis stereoselectivity of
the reaction was slightly higher in THF than in diethyl
ether, and secondary alcohols 3b—f (12-20%) were formed
as by-products in all cases. Although employment of pro-
cedure D gave similar results with respect to product yields
and sterecoisomer ratios, dramatic decrease in yields of
alcohols 3 was observed in all examined cases (Table 3).
Alcohols 8 have substantially lower R; values, due to their
lower molecular weights in comparison with corresponding
secondary alcohols 3 and, accordingly, cis-cyclopropanols
1.

1) 1.5 equiv. R2CH,CH,MgBr
0 2) 10% H,S0,
R'—  +Ti(OiPr), + 1.5 equiv. MeMgX

OMe THF or Et,O
2a-f (for R see Table 3, X =Br, I)
HO., /\ HO /\ OH OH
RI" R2 + Rl,. “R2 * RIJ\/\RZ * le\
cis-la-f trans-1a-f 3a-f 8a-f
55-88% 1-5% 8—15%

Scheme 9. Advanced procedure for the preparation of 1,2-disubsti-
tuted cyclopropanols.
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One more remarkable feature of the studied reaction was
the achievement of full substrate conversion only when
3 equiv. of Grignard reagent had been totally consumed. It
should also be pointed out that not less than 1.5 equiv. of
nPrMgBr was necessary for full conversion of ester 2a
(Table 2). Excessive quantities of Grignard reagents are
usually applied in the presence of equimolar amounts of
titanium(IV) alkoxides for full consumption of the sub-
strates in the cyclopropanation of carboxylic acid deriva-
tives and in some other transformations promoted by titan-
acyclopropane reagents.®23 The results obtained in this
work allowed us to surmise that an extra equivalent of Grig-
nard reagent is consumed for the reduction of titanium(1V)
alkoxides to low-valent titanium species. We believe that a
Grignard reagent attack on titanacyclopropane intermedi-
ate R (F, when R? = Me and R! = Pr, Scheme 5) results in
the formation of octahedral f-oxotitanium intermediates S
and that the 18-electron shell on titanium atom is formally
saved?? during this transformation (Scheme 10). Cyclopro-
pane ring-closure in intermediate S affords the titanium cy-
clopropanolate T, which has no “protecting” ester ligand
and disproportionates to give dimethyltitanium ate complex
U (when R3 = Me) or an unstable dialkyltitanium ate com-
plex V (when R? = R?CH,CH,), along with alkoxytitanium
intermediate W (Scheme 10). Dialkyltitanium intermediate
V undergoes further elimination of an alkane, giving titana-
cyclopropane intermediate X. An alkene displacement from
this intermediate with alkoxytitanium complex W and sub-
sequent redistribution of electrons and alkoxide ligands in
the formed adduct give rise to titanium(III) cyclopropa-
nolate ate complex Y. This, and the dimethyltitanium com-
plex U, are direct precursors of cyclopropanols la—f. Evi-
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For R, R!, R? see Table 3; R* = Me or CH2CH2R2; X=Br,1

Scheme 10. Modified ate complex mechanism for the cyclopropanation of esters.

dently, in the catalytic version of the reaction, a carboxylic
ester remains in excess in relation to the titanium catalyst,
protecting this from reduction with Grignard reagent. This
hypothesis explains the adequacy of the use of stoichiomet-
ric amounts (ca. 2 equiv.) of Grignard reagents in the cata-
lytic titanium-mediated cyclopropanation of carboxylic es-
ters.

The consumption of an additional equivalent of Grig-
nard reagent for the reduction of titanium(IV) alkoxides to
titanium(IIT) alkoxides was confirmed by the results of ex-
periments based on smooth reduction of benzaldehyde to
hydrobenzoin with titanium(III) isopropoxide.l!”l When an
excess of benzaldehyde (4 equiv.) was added to a reaction
mixture obtained by cyclopropanation of methyl hexanoate
CsH;;CO,Me (2d) in diethyl ether under the conditions of
Procedure D, 'H NMR analysis of the products showed the
formation of, among other products, hydrobenzoin (9, me-
so:dl = 35:65) (Scheme 11).2*1 This compound was not
formed in the control experiment when an excess of benzal-
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dehyde was added to a mixture of 1 equiv. of titanium(IV)
isopropoxide and 2 equiv. of methylmagnesium iodide in
ether at room temperature under the same conditions.

The ratio of cyclopropanol 1d and hydrobenzoin 9
formed (1d/9 = 1:0.3) indicates the consumption of ca.
0.6 equiv. of the Grignard reagent for the reduction of tita-
nium(IV) alkoxides X to titanium(III) species Y.I'”l Treat-
ment of the reaction mixture obtained by the stoichiometric
Procedure A with an excess of benzaldehyde produced cy-
clopropanol 1d and hydrobenzoin (9) in 1:0.46 ratio. This
ratio corresponds to consumption of ca. 0.9 equiv. of the
Grignard reagent for the formation of titanium(III) alk-
oxides Y. The relatively large amount of hydrobenzoin (9)
in the last experiment probably arises as a result of a higher
stability of dimethyltitanium intermediates V toward for-
mation of low-valent titanium species in comparison with
less stable dialkyltitanium intermediates U, disposed to eli-
mination of an alkane and formation of the corresponding
titanacyclopropane [titanium(II)-olefin complex] species.
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1) 1 equiv. Ti(OiPr)y, 3 equiv. nPrMgBr (A) or
1 equiv. Ti(OiPr)y, 1.5 equiv. MeMgI,
1.5 equiv. nPrMgBr (D)
2) excess of PICHO
(0] 3) 10% H,S0,

Csty—4

OMe

2d

OH
HOA . Ph&/Ph + other products
CsHy) Me

OH

1d 9
dl | meso=65:35

1 : 0.46 (procedure A)

1 : 0.30 (procedure D)

Scheme 11. Trapping of titanium(III) alkoxides with PhCHO.

Conclusions

In conclusion, an advanced procedure for the prepara-
tion of cis-1,2-disubstituted cyclopropanols by titanium
alkoxide-mediated cyclopropanation of esters with Grig-
nard reagents, minimizing the formation of secondary
alcohols with chromatographic retention factors close to
those of cis-cyclopropanols, has been elaborated. The modi-
fied ate complex mechanism of the reaction, proposed on
the evidence of a stabilizing effect of carboxylic esters on
the reduction of titanium(IV) isopropoxide with Grignard
reagents, including the formation of octahedral titanium
species, is suggested. A suitable explanation for the neces-
sity to use an additional equivalent of Grignard reagent in
the stoichiometric version of the cyclopropanation reaction
has been proposed and confirmed experimentally.

Experimental Section

General: All solvents were purified and dried by conventional meth-
ods prior to use. Diethyl ether (Et,0) and tetrahydrofuran (THF)
were freshly distilled from sodium/benzophenone. Titanium(IV)
isopropoxide [Ti(OiPr),] was purified by distillation, other reagents
were used as purchased from commercial suppliers. All reactions
were carried out under dry argon. 2-Bromo-1,1,1,3,3,3-hexadeuter-
iopropane, containing 95 atom-% deuterium by "H NMR, was pre-
pared from [Dglacetone.>>) Column chromatography was per-
formed on Merck 60 silica gel (70-230 mesh). IR spectra were re-
corded with Specord IR-75 or Vertex 70 spectrometers. 'H and
13C NMR spectra were obtained with a Bruker AC 400 instrument
at 400 and 100 MHz, respectively, in CDCl; (CHCl; at 6 =
7.26 ppm for 'H and CDCl; at 6 = 77.0 ppm for '3C as an internal
standard). The multiplicities of carbon signals were determined by
use of the DEPT technique. The presence of by-products 3a, 3b,
4a, 6, 7a, and 8a in the reaction mixtures was confirmed by com-
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parison of the corresponding NMR spectra with those of the au-
thentic samples.

Cyclopropanation of Methyl Butyrate (2a) with n-Propylmagnesium
Bromide in the Presence of Catalytic Amounts of Ti(OiPr), (Pro-
cedure A, Catalytic Mode, Table 1 and Table 3): n-Propylmagne-
sium bromide (12 mL, 0.9 M in Et,O or THF, 11 mmol) was slowly
added (over 1.5 h) at room temperature to a solution of Ti(OiPr),
(0.21 g, 0.75 mmol, 15mol.%) and methyl butyrate (2a, 0.51 g,
5 mmol) in Et,O or THF (10 mL). The brown reaction mixture was
stirred for an additional hour, and quenched by careful addition of
sulfuric acid (10%, 10 mL) at 0 °C. The aqueous phase was ex-
tracted with Et;O (3 X5mL), and the combined organic phases
were washed with satd. NaHCO; and brine and dried with Na,SO,.
Solvent was carefully removed in vacuo, and the residue (0.5-0.6 g)
was analyzed by NMR spectroscopy, revealing the formation of a
mixture of (E)- and (Z£)-2-methyl-1-propylcyclopropanols [1a, 76 %,
(E)(Z) 86:14 in Et,0; 84%, (E)/(Z) 93:7 in THF] and heptan-4-ol
(3a, 12% in Et,0; 10% in THF), along with small amounts (12%
in Et,0; 6% in THF) of starting ester 2a and isopropyl butyrate
(7a). Reproduction of this procedure on a 10-fold scale in THF
gave, after column chromatography over silica gel (hexane/ethyl
acetate), cyclopropanol frans-1a (0.28 g, 5%) and an 84:16 mixture
of cyclopropanol cis-1a and hexan-4-ol (3a) (4.63 g, 81% overall
yield). Modification of the experimental conditions gave similar
yields of products and stereoisomer ratios (see Table 1, Entries 1,
3, 5-7).

(E)-2-Methyl-1-propylcyclopropanol (cis-1a): '"H NMR (400 MHz,
CDCls): 0 = —0.01 to 0.04 (m, 1 H, cycloprop. 3-H), 0.77-0.84 (m,
1 H, cycloprop. 3-H), 0.87-1.06 (m, 1 H, cycloprop. 2-H), 0.96 (t,
J=17.0Hz, 3 H, CH; in nPr), 1.00 (d, J = 2.0 Hz, 3 H, cycloprop.
2-CH;), 1.48-1.61 (m, 4 H, CH,CH,), 1.96 (brs, 1 H, OH) ppm.
13C NMR (100.6 MHz, CDCly): 6 = 14.2 (CH3), 14.2 (CH3), 19.0
(CH,), 19.5 (CH), 20.6 (CH,), 36.0 (CH,), 58.8 (COH) ppm. Vide
infra for IR data.

(Z)-2-Methyl-1-propylcyclopropanol  (trans-1a): 'H NMR
(400 MHz, CDCl;): 6 = 0.22 (m, 1 H, cycloprop. 3-H), 0.55 (dd, J
=9.3, 5.1 Hz, 1 H, cycloprop. 3-H), 0.60-0.69 (m, 1 H, cycloprop.
2-H), 093 (t, J = 7.1 Hz, 3 H, CH; in nPr), 1.12 (d, J = 6.1 Hz, 3
H, cycloprop. 2-CH3), 1.39-1.57 (m, 4 H, CH,CH,), 1.80 (brs, 1
H, OH) ppm. 3C NMR (100.6 MHz, CDCls): § = 12.3 (CH3),
14.1(CH5;), 18.1 (CH), 18.9 (CH,), 19.5 (CH,), 41.5 (CH,), 58.4
(COH) ppm.

Reaction between Methyl Butyrate (2a) and Isopropylmagnesium
Bromide in the Presence of Catalytic Amounts of Ti(OiPr), (Pro-
cedure B, Table 1, Entries 9 and 10): The reaction was carried out
as described above in diethyl ether or THEF, except that isopro-
pylmagnesium bromide (12 mL, 0.9 M in Et,O or THEF, 11 mmol)
was used instead of n-propylmagnesium bromide. NMR spec-
troscopy revealed the formation of a mixture of cyclopropanols
1a [70%, (E)/(Z) 80:20 in Et,O; 73%, (E)/(Z) 90:10 in THF], 2-
methylhexan-3-ol (4a, 11 and 15% in Et,O and THEF, respectively)
and heptan-4-ol (3a, 7-8%), along with 4-12% of starting ester 2a
and isopropyl butyrate (7a).

Reaction between Methyl Butyrate (2a) and n-Propylmagnesium
Bromide with Stoichiometric Amounts of Ti(O:/Pr), (Procedure A,
Stoichiometric Mode, Table 1, Entry 8): A solution of n-propylmag-
nesium bromide (15mL, 1M in THF, 15 mmol) was cooled to
78 °C, and Ti(OiPr), (5 mmol, 1.42 g) in THF (5 mL) was then
added by syringe. Methyl butyrate (2a, 5 mmol, 0.51 g) in THF
(3 mL) was added to the obtained orange mixture, and the reaction
mixture was allowed to warm to 0 °C and quenched with sulfuric
acid (10%, 18 mL). The aqueous phase was extracted with Et,O
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(3% 5mL), and the combined organic phases were washed with
satd. NaHCOj; and brine and dried with Na,SO,. After removal of
the solvent the residue was analyzed by NMR spectroscopy. The
2-methyl-1-propylcyclopropanols [1a, 75%, (E)/(Z) 90:10], heptan-
4-o0l (3a, 12%), 4-propylheptan-4-ol (6, 7%), and starting com-
pound 2a (6%) were detected as the reaction products.

Reaction between Methyl Pivalate (2b) and (CD;),CHMgBr in the
Presence of Ti(OiPr)4: (CD;),CHMgBr, prepared from Mg (0.60 g,
25 mmol) and 2-bromo-1,1,1,3,3,3-hexadeuteriopropane®! (3.23 g,
25 mmol), in Et,O (20 mL) was added slowly (over 1h) at room
temperature to a solution of Ti(OiPr), (0.43 g, 1.5mmol) and
methyl pivalate (2b, 1.16 g, 10 mmol) in Et,O (10 mL). The re-
sulting dark brown solution was stirred for an hour and quenched
by careful addition of sulfuric acid (10%, 20 mL) at 0 °C. The
aqueous phase was extracted with Et,O (3 X 10 mL) and the com-
bined organic phases were washed with satd. NaHCO; and brine
and dried with Na,SO4;. NMR analysis of the crude product
(0.80 g, ca. 60% yield) after solvent evaporation and removal of
starting compound 2b in vacuo gave a mixture of deuterated cyclo-
propanols trans-1b-(D) and cis-1b-(D) (85%, trans/cis 70:30) and
alcohol 3b-(D) (15%).

To obtain secondary alcohol 3b-(D) in pure form, the reaction mix-
ture was treated with an excess of N-bromosuccinimide (1.07 g,
6 mmol) in CCly (7 mL). After the reaction was complete (TLC
monitoring, ca. 2 h), the mixture was passed through the layer of
silica. The solvent was removed under reduced pressure and the
residue was subjected to column chromatography over silica gel
(petroleum ether/ethyl acetate), to afford 1-bromo-1,1-dideuterio-
4,4-trimethyl-2-(trideuteriomethyl)pentan-3-one (0.76 g, 36% yield
from 2b) as the first fraction and deuterated 2,2-dimethyl-3-hexa-
nols 3b-(D) (0.062 g, 5% yield from 2b) as the second fraction.

(Z)-1-tert-Butyl-3,3-dideuterio-2-(trideuteriomethyl)cyclopropanol
[trans-1b-(D)]: 'TH NMR (CDCls, 400 MHz): 6 = 0.86 (brs, 1 H,
cycloprop. 2-CH), 0.88 [s, 9 H, C(CH;);], 1.90 (brs, 1 H, OH) ppm.
13C NMR (CDCls, 400 MHz): § = 11.5 (sept, J = 19.4 Hz, CD53),
13.8 (cyclopr. 2-CH), 15.8 (quint, J = 24.2 Hz, CD»), 25.6
[C(CH3)3], 34.1 [C(CH3)3], 64.5 (COH) ppm.

(E)-1-tert-Butyl-3,3-dideuterio-2-(trideuteriomethyl)cyclopropanol
[eis-1b-(D)]: '"H NMR (CDCl;, 400 MHz): § = 1.03 [s, 9 H,
C(CH3)3], 1.04 (brs, 1 H, cycloprop. 2-CH), 1.83 (brs, 1 H,
OH) ppm. '*C NMR (CDCl;, 400 MHz): § = 21.3 (cycloprop. 2-
CH), 27.4 [C(CH3)3], 34.6 [C(CH3)3], 64.2 (COH) ppm, signals
from both CD3; and CD, were not detected due to low intensity.

1-Bromo-1,1-dideuterio-4,4-trimethyl-2-(trideuteriomethyl)pentan-3-
one: '"H NMR (CDCl;, 400 MHz): 6 = 1.17 [s, 9 H, C(CHs);], 3.40
(brs, 1 H, 2-CH) ppm. '*C NMR (CDCl;, 400 MHz): 6 = 26.1
[C(CH3)3], 42.3 (2-CH), 44.5 [C(CH3)3], 216.5 (CO) ppm, signals
from both CD3 and CD, were not detected due to low intensity.

Deuterated 2,2-Dimethyl-3-hexanols [3b-(D)]: 'H NMR (CDCls,
400 MHz): 6 = 0.88 [s, 9 H, C(CH,);], 1.25 (brs, 0.7 H, 5-CHD,
major diastereomer), 1.27 (brd, J = 14 Hz, 0.15 H, 5-CH,, residual
protons at C5), 1.37 (brs, 1 H, OH), 1.52 (brs, 0.15 H, 5-CHD,
minor diastereomer), 1.54 (brd, J = 14 Hz, 0.15 H, 5-CH,, residual
protons at C5), 3.17 (brs, 0.05 H, 3-CHOH, residual protons at
C3) ppm. '3C NMR (CDCl;, 400 MHz): 6 = 13.0 (sept, J =
19.0 Hz, 6-CD5), 19.3 (t, J/ = 19.2 Hz, 5-CHD), 19.6 (5-CH,), 25.6
[C(CH3)3], 32.6 (quint, J = 19.0 Hz, 4-CD,), 34.7 [C(CH3)3], 79.0
(t, J = 21.2 Hz, 3-CDOH), 79.6 (3-CHOH) ppm.

Reactions between Methyl Butyrate (2a), n-Propylmagnesium Bro-
mide, and Methylmagnesium Iodide in the Presence of Ti(OiPr),
(Procedure C, Table 2, Entries 1-2): n-Propylmagnesium bromide
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(1 M in Et,O, 5 mL, 5 mmol) and then methylmagnesium iodide (5
or 10 mL, 1 M in Et,0O, 5 or 10 mmol) were added slowly at room
temp to a solution of Ti(OiPr), (1.42 g, 5 mmol) and methyl buty-
rate (2a, 0.51 g, 5 mmol) in Et,O (10 mL). The brown reaction mix-
ture was kept overnight, and quenched by careful addition of sulfu-
ric acid (10%) at 0 °C. The aqueous phase was extracted with Et,O
(3X5mL), and the combined organic phases were washed with
satd. NaHCOj; and brine and dried with Na,SO,. Solvent was care-
fully removed in vacuo, and the residue was analyzed by NMR
spectroscopy, showing mixtures of cyclopropanols 1a, secondary
alcohols 3a and 8a, and isopropyl butyrate (7a).

Reactions between Methyl Butyrate (2a), n-Propylmagnesium Bro-
mide, and Methylmagnesium lodide in the Presence of Ti(OiPr),
(Table 2, Entries 3-9): Methylmagnesium iodide (5-10 mL, 1 ™M in
Et,0, 5-10 mmol) was added over 5 min to a solution of Ti-
(OiPr)4 (1.42 g, Smmol) in Et,O (10 mL). Methyl butyrate (2a,
0.51 g, 5 mmol) and, over 20-30 min, n-propylmagnesium bromide
(5-10 mL, 1 ™M in Et,O, 5-10 mmol) were then added. The brown
reaction mixture was stirred for an hour and quenched by addition
of sulfuric acid (10%) at 0 °C. The aqueous phase was extracted
with Et,O (3 X5 mL) and the combined organic phases were
washed with satd. NaHCOj; and brine and dried with Na,SO,. Sol-
vent was carefully removed in vacuo, and the residue was analyzed
by NMR spectroscopy, showing mixtures of cyclopropanols 1a,
secondary alcohols 3a and 8a, isopropyl butyrate (7a), and methyl
butyrate (2a).

General Procedure for the Preparation of cis-1,2-Disubstituted Cy-
clopropanols 1a—f from Esters 2a—f with Methylmagnesium Halides
(Procedure D, Table 3): A solution of methylmagnesium iodide in
ether or methylmagnesium bromide in THF (20 mL, 1.5 m,
30 mmol) was added over 5 min at room temperature to a solution
of Ti(OiPr), (5.68 g, 20 mmol, in 20 mL of Et,O or THF). The
obtained yellow or orange solution was cooled to 0 °C and ester
2a-f (20 mmol, in 10 mL of Et,O or THF) was added. n-Propyl-
magnesium bromide or its higher homologue (20-23 mL, 1.5 M in
Et,0 or THF, 30-34 mmol) was added to the reaction mixture over
30-40 min, and the resulting solution was allowed to warm to room
temperature and stirred for an hour. The reaction mixture was
quenched by careful addition of sulfuric acid (10%, 70-80 mL) at
0 °C, the aqueous phase was extracted with Et,O (3 X20 mL), and
the combined organic layers were washed with satd. NaHCO; and
brine and dried with Na,SO, or MgSO,. After removal of the sol-
vent, the 1,2-disubstituted cyclopropanols la—e were isolated by
column chromatography over silica gel (petroleum ether/ethyl ace-
tate). The corresponding alcohols 8a—e were formed as the main
by-products.

(E)-2-Methyl-1-propylcyclopropanol (cis-1a): Yield 1.48-1.53 g (65—
67%) in Et,0 and THE, colorless oil. Vide supra for NMR spectro-
scopic data. IR (CCly): ¥ = 3600, 3350, 3070 cm '. C;H 4,0
(114.19): C 73.63, H 12.36; found: C 73.15, H 12.21.

(E)- and (Z)-1-tert-Butyl-2-methylcyclopropanols 1b: These were ob-
tained in ca. 55% yield, (E)/(Z) 40:60 (by '"H NMR), along with
3,3-dimethyl-2-butanol (15%) and traces of 2,2-dimethyl-3-hexanol
(3b, 3%).

(E)-1-tert-Butyl-2-methylcyclopropanol (¢is-1b): 'H NMR
(400 MHz, CDCl;): 6 = 0.44 (dd, J = 7.0, 5.2 Hz, 1 H, cycloprop.
3-H), 0.71 (dd, J = 10.3, 5.2 Hz, 1 H, cycloprop. 3-H), 1.04 [s, 9 H,
C(CH3)3], 0.99-1.14 (m, 1 H, cycloprop. 2-H), 1.21 (d, J = 6.7 Hz,
3 H, cycloprop. 2-CHj3), 2.20 (brs, 1 H, OH) ppm. '3C NMR
(100.6 MHz, CDCl;): 6 = 14.6 (cycloprop. 2-CHj3), 17.8 (CH,), 21.7
(CH), 27.4 [C(CHj3);], 34.6 [C(CHj3);], 64.0 (COH) ppm.
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(Z)-1-tert-Butyl-2-methylcyclopropanol (trans-1b): 'H NMR
(400 MHz, CDCl5): 6 = 0.10 (m, 1 H, cycloprop. 3-H), 0.74 (dd, J
=9.7, 54 Hz, 1 H, cycloprop. 3-H), 0.90 [s, 9 H, C(CH3)3], 0.84—
0.93 (m, 1 H, cycloprop. 2-H), 1.14 (d, J = 6.0 Hz, 3 H, cycloprop.
2-CHs), 2.20 (brs, 1 H, OH) ppm. '3C NMR (100.6 MHz, CDCl5):
0 =12.5 (cycloprop. 2-CH;3), 14.2 (CH), 16.6 (CH»), 26.1
[C(CH3)3], 34.2 [C(CH3)5], 64.5 (COH) ppm.

(E)-2-Butyl-1-methylcyclopropanol (cis-1c): Yield 2.05-2.10 g (80—
82%) in Et,O and THF, colorless oil. '"H NMR (400 MHz, CDCl5):
0=0.04 (dd, J = 6.4, 5.1 Hz, 1 H, cycloprop. 3-H), 0.81 (ddq, J =
10.8, 5.1, 0.6 Hz, 1 H, cycloprop. 3-H), 0.89 (t, / = 6.9 Hz, 3 H,
CHs; in nBu), 0.90-1.02 (m, 1 H, cycloprop. 2-H), 1.05-1.20 (m, 1
H, 1H in nBu), 1.22-1.45 (m, 5 H, 5H in nBu), 1.39 (d, / = 0.6 Hz,
3 H, cycloprop. 1-CH3), 1.97 (brs, 1 H, OH) ppm. '3C NMR
(100.6 MHz, CDCls): ¢ = 14.1, 20.2, 20.5, 22.5, 25.6, 29.5, 31.9,
55.6 ppm. IR (CCly): v = 3602, 3325, 3071 cm™!. Spectral data are
consistent with those previously reported for this compound in
Ref14

(E)-2-Methyl-1-pentylcyclopropanol (cis-1d): Yield 2.13 g (75%) in
Et,0 and THF, colorless oil. '"H NMR (400 MHz, CDCl,): 6 =
-0.01 to 0.05 (m, 1 H, cycloprop. 3-H), 0.78-0.85 (m, 1 H, cy-
cloprop. 3-H), 0.90 (t, J = 6.9 Hz, 3 H, CH; in n-CsH,,), 1.01 (d,
J = 1.8 Hz, 3 H, cycloprop. 2-CH3), 0.98-1.10 (m, 1 H, cycloprop.
2-H), 1.23-1.40 (m, 4 H, 2 X CH, in n-CsH;;), 1.47-1.60 (m, 4 H,
2X CH, in n-CsHy,), 1.82 (brs, 1 H, OH) ppm. '3C NMR
(100.6 MHz, CDCl): ¢ = 14.0, 14.2, 19.6, 20.6, 22.7, 25.5, 32.0,
33.9, 58.8 ppm. IR (CCly): ¥ = 3600, 3350, 3070 cm!. CoH;50
(142.24): C 76.00, H 12.76; found: C 75.65, H 12.43.

(E)-1-(3-Chloropropyl)-2-methylcyclopropanol (cis-1e): Yield 2.17—
2.20 g (73-74%) in Et,O and THF, colorless oil. '"H NMR
(400 MHz, CDCl): 6 = 0.04-0.12 (m, 1 H, cycloprop. 3-H), 0.82—
0.90 (m, 1 H, cycloprop. 3-H), 1.00-1.10 (m, 4 H, cycloprop. 2-H,
CH;), 1.67-1.74 (m, 2 H, CH,CH,CH,Cl), 1.82 (brs, 1 H, OH),
1.95-2.15 (m, 2 H, CH,CH,CH,Cl), 3.64 (t, J = 6.5Hz, 2 H,
CH,CH,CH,CI) ppm. *C NMR (100.6 MHz, CDCl;): 6 = 14.1,
19.7, 20.7, 29.1, 31.3, 45.3, 58.2 ppm. IR (CCly): ¥ = 3599, 3350,
3076 cm™!. C;H5CIO (148.63): C 56.57, H 8.82; found: C 56.31, H
8.47.

(E)-2-Methyl-1-|2-(2-methyl-1,3-dioxolan-2-yl)ethyl]cyclopropanol
(cis-1f): This compound was prepared by a slight modification of
Procedure D. Methylmagnesium bromide (10 mL, 1.5 M in THE,
15 mmol) was added over 5 min at room temperature to a solution
of Ti(OiPr), (2.84 g, 10 mmol) in THF (20 mL), and the resulting
yellow solution was cooled to 0 °C. Ester 2f (10 mmol) in THF
(10 mL) and, over 30 min, n-propylmagnesium bromide (27 mL,
0.9 M solution in THF, 24 mmol) were then added. The slurry mix-
ture was warmed to room temperature and stirred for 2 h and the
reaction was quenched by addition of water (5 mL). The obtained
heterogeneous mixture was vigorously stirred for 40 min, and the
white precipitate was filtered off and washed with THF
(3X20mL). Solvent was evaporated under reduced pressure, the
residue was diluted with Et,O (50 mL), and the aqueous phase was
separated. The organic phase was washed with brine and dried with
Na,SO,. After removal of the solvent, cyclopropanol cis-1f was
purified by column chromatography over silica gel (hexane/ethyl
acetate), to afford (E)-2-methyl-1-[2-(2-methyl-1,3-dioxolan-2-yl)-
ethyl]cyclopropanol 1f (1.48 g, 80%) as a colorless oil. '"H NMR
(400 MHz, CDCl;): 6 = -0.02 to 0.03 (m, 1 H, cycloprop. 3-H),
0.77-0.83 (m, 1 H, cycloprop. 3-H), 0.98-1.08 (m, 1 H, cycloprop.
2-H), 1.02 (d, J = 1.5Hz, 3 H, cycloprop. 2-CH3), 1.36 (s, 3 H,
CH3), 1.65-1.71 (m, 2 H, CH,), 1.90-1.96 (m, 2 H, CH,), 3.06
(brs, 1 H, OH), 3.95-4.00 (m, 4 H, OCH,CH,0) ppm. '*C NMR
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(100.6 MHz, CDCl;): 0 = 14.2, 19.5, 20.5, 23.6, 28.2, 35.6, 58.5,
64.5, 64.5, 110.1 ppm. IR (CCl,): ¥ = 3600, 3475, 3072 cm™.

Reaction between Benzaldehyde and a Mixture Obtained after Treat-
ment of Methyl Hexanoate (2d) with n-Propylmagnesium Bromide,
Ti(OiPr)4, and MeMgl: Methylmagnesium iodide (5.4 mL, 1.4 M in
Et,0, 7.5 mmol) was added over 1-2 min at room temperature to
a solution of Ti(OiPr), (1.42 g, 5 mmol in 5 mL of Et,O) and the
mixture was cooled to 0 °C. Methyl hexanoate (2d, 0.65 g, 5 mmol)
in Et,O (3 mL) and, over 10 min, n-propylmagnesium bromide
(6.3 mL, 1.2 M in Et,0, 7.5 mmol) were then added. The red-brown
mixture was stirred for 40 min at room temperature, and benzalde-
hyde (2.12 g, 20 mmol) in Et,O (5 mL) was added in one portion
at 0 °C. The reaction mixture was kept overnight and hydrolyzed
with sulfuric acid (10%, 18 mL) at 0 °C. The aqueous phase was
extracted with Et,O (3 X 5 mL), and the combined organic phases
were washed with satd. NaHCOj; and brine and dried with MgSO,.
The 'H NMR spectrum of the residue obtained after evaporation
of Et,O showed the absence of the starting compound and the
formation of 2-methyl-1-pentylcyclopropanol [1d, (E)/(Z) 85:15], 1-
phenylethanol, hydrobenzoin (9, dl/meso 65:35), and benzyl alcohol
in a molar ratio of 1:0.15:0.30:2.6.

Reaction between Benzaldehyde and a Mixture Obtained after Treat-
ment of Methyl Hexanoate (2d) with n-Propylmagnesium Bromide
and Ti(OiPr)4: n-Propylmagnesium bromide (12.5mL, 1.2 M in
Et,0, 15 mmol) was added at 0 °C over 15 min to a solution of
Ti(OiPr)4 (1.42 g, 5 mmol) and methyl hexanoate (2d, 0.65 g,
Smmol) in Et;,O (8§ mL). The red-brown mixture was stirred for
40 min at room temperature. Benzaldehyde (2.12 g, 20 mmol) in
Et,O (5 mL) was then added in one portion at 0 °C, and the reac-
tion mixture was kept overnight and hydrolyzed with sulfuric acid
(10%, 18 mL) at 0 °C. The aqueous phase was extracted with Et,O
(3X5mL), and the combined organic phases were washed with
satd. NaHCO; and brine and dried with MgSO,. The '"H NMR
spectrum of the residue after evaporation of Et,O showed the ab-
sence of the starting compound. 2-Methyl-1-pentylcyclopropanol
[1d, (E)/(Z) 85:15], hydrobenzoin (9, dl/meso 65:35), and benzyl
alcohol were found in a molar ratio of 1:0.46:2.7.

Acknowledgments

This work was carried out with the support of the Ministry of
Education of the Republic of Belarus.

[1] D.H. Gibson, C. H. De Puy, Chem. Rev. 1974, 74, 605-623.

[2] O. G. Kulinkovich, Chem. Rev. 2003, 103, 2597-2632.

[3] Yu. Yu. Kozyrkov, O. G. Kulinkovich, Synlett 2002, 443-446.

[4] O. G. Kulinkovich, Yu. Yu. Kozyrkov, A. V. Bekish, E. A. Mat-
iushenkov, I. L. Lysenko, Synthesis 2005, 1713-1717.

[5] G. Kulinkovich, S. V. Sviridov, D. A. Vasilevski, A. 1. Savch-
enko, T. S. Pritytskaya, Zh. Org. Khim. 1991, 27, 294-298; G.
Kulinkovich, S. V. Sviridov, D. A. Vasilevski, A. 1. Savchenko,
T. S. Pritytskaya, J Org. Chem. USSR (Engl. Transl.) 1991,
27, 250-253.

[6] O. G. Kulinkovich, D. A. Vasilevskii, A. I. Savchenko, S. V. Svi-
ridov, Zh. Org. Khim. 1991, 27, 1428-1430; O. G. Kulinkovich,
D. A. Vasilevskii, A. I. Savchenko, S. V. Sviridov, J. Org. Chem.
USSR (Engl. Transl.) 1991, 27, 1249-1251.

[71 E.J. Corey, S. A. Rao, M. S. Noe, J. Am. Chem. Soc. 1994, 116,
9345-9346.

[8] For recent review see: O. G. Kulinkovich, Izv. Akad. Nauk. Ser.
Khim. 2004, 1022-1043; O. G. Kulinkovich, Russ. Chem. Bull.,
Int. Ed. 2004, 53, 1065-1086.

[9] O.G. Kulinkovich, S.V. Sviridov, D. A. Vasilevski, Synthesis
1991, 234.

2131

WWW.eurjoc.org



FULL PAPER

O. G. Kulinkovich, D. G. Kananovich

[10]O. L. Epstein, A. I. Savchenko, O. G. Kulinkovich, Izv. Akad.
Nauk. 2000, 376-378; O. L. Epstein, A. I. Savchenko, O. G. Ku-
linkovich, Russ. Chem. Bull. ( Engl. Transl.) 2000, 49, 378-380
(and references cited herein).

[11]Wu, Y.-D. Yu, Z.-X, J. Am. Chem. Soc. 2001, 123, 5777-5786.

[12] For the formation of trans-1,2-disubstituted cyclopropanols as
major products in reactions between esters and alkoxytitanacy-
clopropane reagents bearing functional substituents, see: a) A.
Kasatkin, F. Sato, Tetrahedron Lett. 1995, 36, 6079-6082; b) J.
Lee, C. H. Kang, H. Kim, J. K. Cha, J Am. Chem. Soc. 1996,
118, 291-292; ¢) A. 1. Savchenko, O. G. Kulinkovich, Zh. Org.
Khim. 1997, 33, 913-915; A. 1. Savchenko, O. G. Kulinkovich,
Russ. J. Org. Chem. (Engl. Transl.) 1997, 33, 846-848; d) S.
Racouchot, J. Ollivier, J. Salaun, Synlett 2000, 1729-1732; ¢)
O. L. Epstein, O. G. Kulinkovich, Tetrahedron Lett. 2001, 42,
3757-3758; f) L. G. Quan, S. H. Kim, J. C. Lee, J. K. Cha, 4n-
gew. Chem. Int. Ed. 2002, 41, 2160-2162; g) S. Racouchot, 1.
Silvestre, J. Ollivier, Yu. Yu. Kozyrkov, A. Pukin, O. G. Kulin-
kovich, J. Salaun, Eur. J Org. Chem. 2002, 2160-2176.

[13]S. V. Sviridov, D. A. Vasilevskii, O. G. Kulinkovich, Zh. Org
Khim. 1991, 27, 1431-1433; S. V. Sviridov, D. A. Vasilevskii,
O. G. Kulinkovich, J. Org. Chem. USSR (Engl. Transl.) 1991,
27, 1251-1253.

[14] V. Chaplinski, H. Winsel, M. Kordes, A. de Meijere, Synlett
1997, 111-114.

[15] H. Winsel, V. Gazizova, O. Kulinkovich, V. Pavlov, A. de Mei-
jere, Synlett 1999, 1999-2003.

[16] For a successful application of methylmagnesium bromide as
a sacrificial agent in the titanium(IV) isopropoxide-mediated
cyclopropanation of methyl hexanoate with ethylmagnesium
bromide, see: A.I. Savchenko, Dissertation, Belarusian State
University, Minsk, 1995, p. 57.

[17] E. A. Matiushenkov, N. A. Sokolov, O. G. Kulinkovich, Synlett
2004, 77-80.

2132

WWW.eurjoc.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[18] The putative titanium ate complex intermediates could also be
involved in various ligand-exchange reactions with magnesium
alkoxides or solvent, as well as in the formation of associ-
ates.’!l These processes are not discussed here for reasons of
space.

[19] A similar result was obtained when methylmagnesium iodide
and n-propylmagnesium bromide were added sequentially to a
mixture of ester 2a and titanium(IV) isopropoxide.

[20] The formation of oxatitanacyclopropane intermediates in reac-
tions between titanium(II) alkoxides or aryloxides and car-
bonyl compounds has also been observed by other authors: a)
M. G. Thorn, J. E. Hill, S. A. Waratuke, E. S. Johnson, P. E.
Fanwick, 1. P. Rothwell, J. Am. Chem. Soc. 1997, 119, 8630~
8641; b) J. E. Hill, G. J. Balaich, P. E. Fanwick, I. P. Rothwell,
Organometallics 1993, 12, 2911-2924; ¢) J. J. Eisch, A. A. Ad-
eosun, J. N. Gitua, Eur. J Org. Chem. 2003, 4721-4727; d) Y.
Six, Eur. J. Org. Chem. 2003, 1157-1171; e) L. G. Quan, J. K.
Cha, Tetrahedron Lett. 2001, 42, 8567-8569; f) J. J. Eisch, J. N.
Gitua, P. O. Otieno, X. Shi, J Organomet. Chem. 2001, 624,
229-238.

[21]M. T. Reetz, Organotitanium Reagents in Organic Synthesis,
Springer Verlag, Berlin, Heidelberg, 1986.

[22] V. 1. Tyvorskii, D. A. Astashko, O. G. Kulinkovich, Tetrahedron
2004, 60, 1473-1479.

[23]10. G. Kulinkovich, Pure Appl. Chem. 2000, 72, 1715-1719.

[24] An excess of benzaldehyde was converted into benzyl alcohol
under the reaction conditions, due to reduction with metal alk-
oxides.

[25]1 V. J. Shiner Jr, J. Am. Chem. Soc. 1952, 74, 5285-5288.

Received: November 29, 2006
Published Online: March 9, 2007

Eur. J. Org. Chem. 2007, 2121-2132



