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ABSTRACT
The scope and limitations of the reaction of titanocene methylidene with
ketones were investigated. Easily enolizable ketones are methylenated quantita-
tively and isolated in high yield. This reagent also demonstrates chemoselectivity
for ketones over esters and regioselectivity for less hindered ketones. Emnolates
are produced by proton transfer to the methylidene from very sterically (but not

particularly acidic) ketones.

A simple one-pot method for the production of a geminal dimethylated center
from a ketone and two equivalents of titanocene methylidene has been developed.
This is a very sterically restricted process that is complementary to similar reac-

tions using other organometallic reagents.

The heterocyclic compounds, benzothiazole and benzoxazole, react with ti-
tanocene methylidene, presumably to form aza-metallacycles, which then undergo

a (-elimination to form novel metallacycles. This reaction is not general for other

compounds with an X-C=N linkage (X=0, S).

Fundamental processes involved in Ziegler—Natta polymerization have been
investigated in a homogeneous Ti/Al-based model system. Lewis acid catalyzed
olefin insertion was studied with titanocene alkenyl chlorides. This reaction is
irreversible. Deuterium-labelling experiments provide support for the direct in-
sertion mechanism. The reverse process, 3-alkyl elimination, was also examined
with titanocene methylcyclobutyl chloride. This process is also irreversible with

no competing B-hydrogen elimination.

NMR studies were performed to probe the nature of the interaction between
titanocene alkenyl chlorides and alkyl aluminum chloride cocatalysts in the in-
tramolecular olefin insertion. This system is a model for the active site in Ziegler—
Natta polymerization. A Lewis acid concentration dependence on the reaction is

observed. A possible explanation for this concentration dependence is presented.
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Chapter 1

The Scope and Limitations of the Reaction

of Titanocene Methylidene with Ketones



INTRODUCTION

Organotransition metal compounds are finding increasing acceptance for use
as reagents in organic synthesis primarily because of their unusual reactivity pat-
terns and high specificity. They are often able to induce unique and useful trans-
formations to give products in superior yield and with greater selectivity than

those obtained using other reagents.}

Organotitanium compounds make up an important class of these reagents.?
Their use is becoming increasingly widespread in organic synthesis. A reagent
that has been subject to a great deal of study is titanocene methylidene 1. This
reactive intermediate was first generated in the dissociation of dimethylaluminum
chloride from the “Tebbe reagent”® 2. (See Equation 1.) Titanocene methyli-
dene can also be generated by the cleavage of F-substituted titanacyclobutanes 3.
(See Equation 2.) Titanocene methylydene was first studied in mechanistic ex-
periments involving olefin metathesis, with 2 being a catalyst for metathesis and
1 and 3 being intermediates in this process.? Further research indicated that this
reactive intermediate reacts with a wide variety of functional groups to produce

synthetically useful products.’

CHaz
CooTiT DAMe, —22  _ CppTi=CH, + base:AMeCl (1)
\Cl/
2 1
CHs | CHj
CpzTi = CpoTi==CHp + HaC=< (2)
R R
1

3 3a: R=Me
3b: R=n-Pr



3

A great deal of study has concentrated on the reactivity of 1 with carbonyl
containing compounds. With most of these substrates, the methylene group from 1
is transferred to the carbonyl carbon, producing a terminal alkene. (See Equation
3.) The nucleophilicity of the methylidene carbon and the oxophjlici-ty of titanium
make 1 a powerful “Wittig” type reagent. With ordinary ketones, this reaction
proceeds rapidly and quantitatively. This transformation results in the formation
of a carbon-carbon bond, unquestionably one of the most important classes of reac-
tions in organic synthesis. Similar transformations using other ylides from metals
such as zirconium,® tantalum,” niobium,” tungsten,®and most recently, uranium®

have been reported.

R R

CpoTi—CH, + O=< 2 HZC—< + [CpaTi=0], (3)

1 R R 4

The Wittig reaction,!® using methylene triphenylphosphorane 4, (see Equa-
tion 4) has been the most generally useful procedure for the synthesis of terminal
olefins from carbonyl centers since its introduction over 30 years ago.}! Over the
years, many modifications have been introduced to expand the utility of this re-
action. Significant modifications include use of the dimsyl anion in DMSO?? and

3

the a-lithiomethylene triphenylphosphorane!? as means to effect methylenation in

hindered or unreactive ketones.

One goal in designing reagents for organic synthesis is the generation of
reagents that provide transformations unattainable with classical reagents. As
useful as the Wittig reaction is, the use of phosphorus ylides does have some limi-

tations that have not yet been overcome.!1® The use of 1 serves to reduce some of



R R
PhsP=——=CH, + 0=< ——— H20=< + PhgP=0 (4)
R R
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the restrictions on this transformation; it has been used successfully as a methyl-
ene transfer agent on substrates such as esters under very mild conditions. This is
of considerable interest because direct methylenation of esters using phosphorus

ylides does not constitute a viable synthetic method.

Another attractive feature of titanocene methylidene is its nonbasic character
relative to the rate of methylene transfer. Typical Wittig reagents can function
as strong bases, removing the acidic a-hydrogens of some carbonyl compounds.
Therefore, with ketones having very acidic a-hydrogens, proton abstraction be-
comes the dominant reaction, so that epimerization and condensation reactions

are fast relative to methylene transfer.112

It has been observed that an optically
active ketone with an a-chiral center can be rapidly methylenated with 1 without

loss of optical activity.!* (See Equation 5.)

HaC

: Eili' s
O C,H5 CHy

Cp,Ti==CH, 60-70% yield (rapid)---no isomerization of alpha-center

PhsP==CH, 20-30% yield (very slow)---mostly isomerized
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In light of the results seen with optically active ketones, the possibility of
methylene transfer to enolizable ketones appeared likely. The direct methylenation
of these compounds is a desirable yet unattainable transformation with the more
basic phosphorus ylides. The results reported in this chapter regarding the use
of 1 to effect methylene transfer to enolizable ketones have been reported in a

preliminary communication.!s

This work and previous studies with 2 and 3 have shown that these reagents
will react with a wide variety of organic substrates. However, when working with
complex organic systems, it is important to be able to predict the reactivity of
a reagent on a range of similar functional groups. A reagent’s chemoselectivity
increases its utility and value in organic synthesis, because selectivity allows for
desired reactions to proceed without unwanted products or mixtures of products or
undesired transformations on other functional groups. In addition to determining
the chemoselectivity of 1, we have also explored the regioselectivity and have

determined the steric limitations of this reagent with ketones.



RESULTS AND DISCUSSION
Reaction of Titanocene Methylidene with Easily Enolizable Ketones

The typical Wittig reagents are basic enough for proton abstraction to com-
pete with methylene transfer in some cases. The abstraction becomes particularly
pronounced with easily enolizable cyclic ketones such as cyclohexanones and cy-
clopentanones. If the reaction between the ylide and the carbonyl compound is
in any way sterically hindered, enolization becomes the main reaction,’?® thus
making these reagents ineffective as methylene sources. Table 1 lists the results of
methylenation by titanocene methylidene of a number of such ketones with varying
degrees of steric hindrance. All are quite rapidly methylenated and easily isolated

in consistently high yield. Most of these reactions are quantitative by NMR.

The experimental conditions are general for most ketones as well as for alde-
hydes, esters, and lactones. This simple procedure involves treatment of the ketone
substrate with a slight excess of 2 or 3 in THF or Et,O at low temperature. The
reaction mixture is allowed to warm to room temperature, followed by a simple
workup and isolation. Both reagents appear to work equally well. The choice of
2 or 3 as a source of 1 is largely dictated by experimental convenience because
yields are comparable for the two. For example, the Tebbe reagent is commercially
available and can be used in the temperature range of —40 °C to room temper-
ature. It is compatible with ethereal solvents at low temperature and aromatic
hydrocarbons or dichloromethane at all temperatures. (The use of non-ethereal
solvents requires the addition of one equivalent of a Lewis base such as pyridine
to induce dissociation of dimethylaluminum chloride.) The major disadvantage of
using the Tebbe reagent is that dimethylaluminum chloride or the aqueous workup
may cause unwanted side reactions and other complications. On the other hand,
the less Lewis acidic titanacyclobutanes can be easily prepared from 2 and the ap-

propriate olefin. They react rapidly with ketones at about 5 °C or above and are



Table 1. Enolizable ketones and methylenation products

Ketone Product Yield
2 3
o} CH,
6a 6b
CHs CHg
(o) CH,
85 88
7a 7b
o) CH,
tBu tBu
92 g5
8a 8b
O CH,
Ph Ph
a3 a8
9a 9b
@) CH,
CHS CH3
88 92
10a 10b



Table 1. (continued)

Ketone Product Yied

2 3

o CH,

HaC CH, H3C CH,

91 93

11a 11b

o CH,

Ph Ph

89 97

12a 12b

o CH,
é é o

Ph
13a 13p Ph

o CH,

&“ f}“ "
Ph Ph
14a 14b
o CH

78 82

15a

15b
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compatible with ethereal or aromatic solvents. The only side product observed is a
titanocene oxo-polymer, [Cp,Ti=0], 4, which is easily removed by precipitation
with pentane and filtration. Passage of the semi-concentrated reaction mixture
through a short pad of alumina or silica gel and concentration génera.lly yields
the pure alkene product. Again, the method of purification depends on the acid

lability of the product.

In only one of the ketones listed in Table 1, 2-tetralone Ba, is it necessary to
modify the reaction conditions. As will be discussed in Chapter 2, the methyle-
nated product of this ketone 8b forms a very stable metallacycle with titanocene
methylidene. If there is any excess titanocene methylidene,‘this metallacycle is
formed.!® The aqueous workup of the reaction produces a dimethylated product.
(See Equation 6.) Therefore, in order to isolate an alkene without the dimethy-
lated side product, it is necessary to avoid an excess of 1 and to allow the reaction
mixture to stir at room temperature for about an hour, so that any metallacycle
formed will decompose before workup. Then the alkene can be isolated in high

yield.

o) -
(1)xs 1 CHy
(2) H0

6a 6c

The proposed mechanism for the reaction of ketones with 2 or 3 is analogous
to the one for olefin methathesis in which 1 is the actual reactive species. (See
Scheme 1.) This mechanism involves an intermediate oxa-metallacycle 16 that

cleaves to give titanocene oxo-polymer and the alkene product. The Ti=O bond
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Methylenation
R R
CpaTi=—=CHz + 0% — H20=< + [Cp2Ti=0],
R R
L. ~° " __J
CpaTi
R
16
lefin M
A A
Cp2Ti —_— = CpoTi=CH; 4+ H,C=—
L Cp2Ti

Scheme 1. Comparison of methylenation and olefin metathesis.
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Rl
O=-<
cp >R L (7)
R
17

formed is an extremely strong one, giving the reaction a strong thermodynamic

driving force.

Although the intermediate oxa-metallacycle has never been observed in a
reaction between 1 and a ketone, this general mechanism is thought to be the
correct one. However, alternative mechanisms have been raised. Work with ti-
tanocyclobutenes 17 show that ketones insert into a titanium-carbon bond to form
titanoceneoxacyclohexenes 18.17 (See Equation 7.) In this reaction, the products
are stable, but in the case with titanacyclobutanes, one might envision a similar
6-membered ring intermediate that reacts further to give the observed products.
(See Equation 8.) Results reported herein and in earlier reports are not consistent
with this mechanism. In addition to the titanacyclobutanes used in this work,
a number of others have been prepared with 2 and various olefins. Equilibrium
studies!® have shown that the stability of these metallacycles depends on the sub-
stitution pattern, giving each one a characteristic temperature at which it will
undergo olefin metathesis, that is, cleave to 1 and olefin. Ketones will react only
with a particular metallacycle above the temperature at which it has been shown
to undergo metathesis. While it is not expected that all ketones would react with
all metallacycles at the same temperature, the fact that the “metathesis temper-
ature” and the “methylene transfer temperature” are identical argues strongly

against the mechanism outlined in Equation 8.
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Alternate methylenation mechanism

CHs ,
ceen X "
R

3 R = Me, n-Pr

R CHg
— = [CP2Ti=0], + Hzc=< + H20=-<
R R

Chemoselectivity of Titanocene Methylidene for Ketones over Esters

In order to assess the relative reactivities of esters and ketones toward ti-
tanocene methylidene, competition experiments were performed using various sub-
strates. In the first experiment, a solution of 1 mmol each of methyl benzoate and
acetophenone was added to a solution of 1 mmol of 3 in toluene, using reaction
conditions identical to those used with the ketones in Table 1. Analysis of the reac-
tion mixtures by capillary gas chromatography showed an 89:11 ratio of #-methyl
styrene 19a to G-methoxy styrene 20a. The same experiment was performed with
2, again using these standard reaction conditions. This reagent proved to be more
selective, providing a 97:3 ratio of 19b to 20b. This ratio can be increased further
by slowly adding the solution of 2 to the substrates at —40 °C. Under these con-
ditions, methylenation of acetophenone was seen exclusively. These competition
experiments were repeated using several equivalents (2-10) of each of the carbonyl

substrates per equivalent of 1 source. The average product ratios are listed in

Table 2.
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Table 2. Product ratios from chemoselectivity experiments
(acetophenone vs. methyl benzoate)

o o CH, CH,
O’K o @“* O’“’"”ﬁ
+ —_— +
19a 20a 19b

source of 1
3 89 11
2 97 3
2' 100 0

*Tebbe reagent with modified reaction conditions

These experiments were repeated using ethyl levulinate 21a, a compound hav-
ing both ketone and ester moieties. In the reaction with 3, under standard reaction
conditions, products formed from single and double methylenation (21b:21c) are
formed in a ratio of 85:15. Again, 2 exhibits greater selectivity than 3. The results

of these experiments are listed in Table 3.

The results from these competition experiments show that 1 demonstrates
quite high selectivity for ketones over esters. Similar results have also since been
reported by other workers.!? The carbonyl carbon of the ester is less electrophilic,2?
slowing nucleophilic attack by the methylidene. This is consistent with other
reactions involving nucleophilic attack on a carbonyl group. Additionally, esters
are slightly weaker bases than ketones,?! slowing the presumed coordination of the

carbonyl oxygen to the electrophilic and oxophilic metal center. This coordination
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Table 3. Product ratios from chemoselectivity experiments
(ethyl levulinate)

o o CH, o) CH» CH,
/U — U ¥ U
H3C OCHg HsC OCH;4 HaC OCHj
21a 21b
source of 1
3 85 15
2 97 3
2 100 0

*Tebbe reagent with modified reaction conditions

OR' ’/\ OR'
PhaP=CH> + 0=< — Ph;iP, "
R R o) (9)
22
O

— e

PhaP R
OR'

may be responsible for the fact that 1 will methylenate esters, while phosphorus
ylides will not. As discussed earlier, the reaction of 1 with carbonyl compounds is

presumed to proceed via an intermediate metallacycle that cleaves to form prod-
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ucts. On the other hand, when treated with esters, phosphorus ylides react to
form an intermediate betaine 22 by a simple nucleophilic attack.?? (See Equation
9.) The betaine intermediate then eliminates the (-alkoxide substituent. There
appears to be no significant interaction between the phosphorus and the carbonyl
oxygen. However, with 1, no (3-alkoxide elimination has been observed in reac-
tions with esters; only enol ether products are produced. This can be attributed
to a strong Ti-O interaction in the oxa-metallacycle, which irreversibly eliminates
[Cp2Ti=O]n. The strong interaction of the oxygen with the metal center precludes

[-alkoxide elimination.
Regioselectivity of Titanocene Methylidene

A reagent’s usefulness can also be extended by a demonstration of regioselec-
tivity. After determining the chemoselectivity of titanocene methylidene, we were
interested in determining the regioselectivity for methylene transfer to ketones in
different steric environments. It had been noted previously that the reaction with
the very sterically hindered ketone, £-fenchone 23, was extremely slow. (See Equa-
tion 10.) It is so slow, in fact, that in the reaction with 2, decomposition of the
titanium reagent competes effectively with methylene transfer, so that no olefin
product is produced. The use of 3 as the methylenating agent gives up to 20%
conversion to the terminal olefin. This result alluded to the regioselectivity with

this reagent.

o CH,
very slow

(10)

23
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Competition experiments were performed with variously substituted cyclohex-
anones. These experiments were similar to those described previously. Because
of the increase of chemoselectivity seen when using 2 at low temperature, these

competition experiments were performed with 2 only.

The first set of ketones used were 2-methylcyclohexanone 10a and 2-tert-
butylcyclohexanone 8a. Under the standard reaction conditions, a preference of
the methyl-substituted ketone was observed, the ratio of products being 2:1. Again
this selectivity was increased somewhat by the addition of a solution of 2 to the
ketones at —40 °C. This gave a ratio of approximately 5:1, favoring the ketone

with the smaller substituent. (See Table 4.)

Table 4. Product ratios from regioselectivity experiments
(2-methylcyclohexanone vs. 2-t-butylcyclohexanone)

(0] 0 CH, CH,
HaC tBu HaC tBu
+ —_— +
10a 8a 10b 8b
source of 1
2 2 1
2* 5 1

*Tebbe reagent with modified reaction conditions

A second set of competition experiments using cyclohexanones with a different
substitution pattern was performed. The increased number of substituents led to

greater selectivity. The ratio of products seen is approximately 10-12:1, favoring
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Table 5. Product ratios from regioselectivity experiments
(2-methylcyclohexanone vs. 2,6-dimethylcyclohexanone)

o} o CH, CH,
HaC HaC CHy HsC HaC CHg
-+ —_— +
10a 11a 10b 11b
source of 1
2 67 1
o+ 10-12 1

*Tebbe reagent with modified reaction conditions

the singly substituted 2-methylcyclohexanone 10a over 2,6-dimethylcyclohexanone
11a. In these experiments, the individual conditions have not been optimized, so

the potential for greater selectivity remains. (See Table 5.)
Reactions with Very Sterically Hindered Ketones

Upon further investigation of the reactivity of 1 with ketones, it was discov-
ered that 1 reacts quite differently when the ketone is very sterically hindered.
This was first observed in an NMR tube reaction of 3 with pinacolone 24a. Typ-
ically, these methylenation reactions are carried out in an NMR tube in melting
benzene-ds and are normally complete within 1-2 min. The completion of the
reaction is noted by the precipitation of [Cp2Ti=0],. However, with this ketone,
there was no precipitate. A very slight color change was the only evidence that
any reaction had occurred. The NMR spectrum of the reaction mixture included
a new sharp signal in the cyclopentadienyl region indicating an organometallic

product, unusual for a reaction of 1 with a ketone. Other unusual signals were
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the singlets at 3.35 ppm and 3.86 ppm. These were too far upfield to be the sig-
nals anticipated for the expected terminal olefin product, which has signals in the
range of 4.6-4.8 ppm. The singlets integrated as one proton each relative to the
cyclopentadienyl signals. These high field signals are characteristic of titanocene
chloride enolates.?? (The chloride enolates are prepared by treating acid chlorides
with 1.23:24) Another singlet at 0.86 ppm, an apparent methyl group, led to the
tentative identification of this compound as the titanocene methyl enolate of pina-
colone. This assignment was verified by the independent preparation of 24b by
treating the titanocene chloride enolate of pinacolone 30b with MeLi. (See Equa-

tion 11.) This reaction gave a red compound with an identical NMR spectrum.

0
1 24a
(11)
0] : 0]
Cp 2-,1\/ \Hk - Meli sz'ﬁ\/ \n/%
CHy CHa cl CHz
24b 30b

The formation of an enolate product initially appeared incongruous with ear-
lier results of rapid methylene transfer to ketones in spite of their easy enolizability.
Although it has been reported by Cannizzo?? that the titanocene methylidene can
be protonated by proton sources such as alcohols and carboxylic acids, it had al-
ways been assumed that the rate of methylene transfer to ketones was faster than

that of proton transfer from ketones to the methylidene.
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Table 6. Ketones with their respective reaction pathways and products
ketone reaction pathway product
9 (o] tBu
HaC CpaTi”
CHy B N
HaC 3 CH,
HiC 24a 24b
o] CH,
HaC HsC
YL CHa A CH,
HsC 2532 HsC 25b
HsC CHs HsC CHs
(o)
D szT'|<
B CHg
26a 26b
CHs CHj
o CH,
A
7
7a 2
0 HaC CHs
CHs (o}
cH °P2T'<
: B CHs
27a 27b
0 CH,
HeC CH, HaC CHy
A
28a 28b
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/Ti§ CHa Ha +

CH3
d CHz  PATHWAY ﬂH Hgls WCHa
N, o A \ “a CH3
Q/

PATHWAY B

wCHa
CHa
LiBu

\ .0
(CHZ — T et

<% — &

Scheme 2. Mechanism for proton transfer from hindered ketones
to titanocene methylidene.
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This result now demonstrates that with pinacolone and other ketones listed
in Table 6, the steric bulk of the ketone can slow the methylene transfer reaction
to the point that proton transfer becomes more favored. It has been noted that
the steric bulk of a compound such as ﬂ-fencilone, a ketone adjacent to two qua-
ternary centers, can drastically slow methylene transfer. However, if these bulky
ketones also have an a-hydrogen, they react cleanly with 1 to afford titanocene
methyl enolates instead of the expected terminal olefin. A comparison of the char-
acteristics of some ketones that undergo methylene transfer and similar ones that
react to form enolates (Table 6) demonstrates that this dichotomy in reactivity is
dictated strictly by sterics. There is no correlation with the relative acidities of
the ketones. As a general rule, it appears that ketones adjacent to a quaternary

center and having at least one a-hydrogen react with 1 to afford enolates.

Scheme 2 outlines a possible explanation for this reactivity using pinacolone
as an example. It is presumed that there is a rapid pre-equilibrium in which
the ketone coordinates to the titanocene methylidene. With less bulky ketones,
the reaction would take pathway A and form an oxa-metallacycle, which would
then cleave to give the terminal olefin. However, in ketones such as pinacolone,
the interaction with one of the cyclopentadienyl rings precludes this intermediate.
Pathway B is then more competetive. The formation of an enolate puts the tert-

butyl group out of contact with the rings and produces a strong Ti-O bond.

This is the first evidence that the formation of the proposed oxa-metallacycle
intermediate does have steric limitations. The steric limitations here roughly par-
allel those seen in studies on the formation and subsequent stability of titanacy-
clobutanes produced from the Tebbe reagent and terminal olefins.!® However, the
steric requirements for formation of the oxa-metallacycle do not appear to be as
strict as those for the formation of a titanacyclobutane. This difference could be

due to a number of factors. In the reaction with carbonyl compounds, there would
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be a stronger coordination of the oxygen to the titanium, thus holding the ketones
in the coordination sphere, readily available for reaction. Furthermore, even if this
coordination equilibrium lies predominantly to the left, there is a much stronger
thermodynamic driving force for the intermediate to cleave and form the final
products. Cleavage of the titanacyclobutanes renders only starting material. (See
Scheme 1.) For these reasons, the steric limitations are not as great, but these
results show that at some point, a limit is reached, thereby making other reaction

pathways more accessible.

o) CH,
H —_— H
29a 29b
O
/O
X _— Cp,Ti
X CH,
30a X = CIl, OCOtBu 30b
(@]
(@]
CHg S CPz“\/
CHs CH,
24a 24b
(o]
e and - .
%*o% R
31a

Scheme 3. Reactions of titanocene methylidene with carbonyl
carbons adjacent to a quaternary center.
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The series of compounds in Scheme 3 demonstrates the differences in reac-
tivity of compounds having a carbonyl carbon adjacent to a quaternary center.
Pivalaldehyde 28a undergoes methylene transfer. The intermediate can avoid the
severe steric interactions of the tert-butyl group with the cyclopentadienyl ring
by puckering the oxa-metallcycle to point the S-hydrogen toward a ring and the
tert-butyl group out and away from the rings. The corresponding §-tert-butyl sub-
stituted titanacyclobutane is one of the most stable of these compounds.!® Pivaloyl
chloride and pivaloyl anhydride 30a would probably have steric problems in the
intermediate, but both have good leaving groups that can rapidly (3-eliminate a
good leaving group and rearrange to form the less crowded enolates 30b. Because
of its steric bulk, it is unlikely that pinacolone 24a forms the oxa-metallacycle. If
it could form this intermediate, it would presumably rapidly proceed to the corre-
sponding olefin and [Cp; Ti=0],. Instead, what is observed is the abstraction of a
proton by 1 to form a titanocene methyl enolate 24b. Finally, in methyl pivaloate
31a, in which the ester moiety is next to a quaternary center, there is no reaction
seen with 1 from either 2 or 3. Based on the fact that pivaloyl anhydride will re-
act, assuming that there is an oxa-metallacycle formed prior to -elimination, the
results with this ester are somewhat surprising.?® It may be that the 3-elimination
step with anhydrides and acid chlorides drives the reactions with these substrates.
Without a good leaving group or a-hydrogen, this compound apparently has no

energetically favorable pathway open to it.

Camphor is an interesting case that violates the general rule regarding enoliza-
tion of ketones. Although the carbonyl carbon is adjacent to a quaternary center,
the methylenation product can be isolated. However, in the original methylena-
tion experiments, it was noted that even with an excess of titanocene methylidene,
some starting material was always recovered. After the discovery of enolate pro-

duction with sterically hindered ketones, it was thought that perhaps some of the
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camphor was reacting with 1 to form an enolate. The enolate would then be
hydrolyzed in the aqueous workup, giving the appearance of unreacted starting
material. This idea prompted a reinvestigation of the reaction. Low-temperature
1H NMR was used to monitor the reaction between the temperatures of —50 °C
and 0 °C, but the results of this experiment were inconclusive. The cyclopentadi-
enyl region contained several peaks, two of which at about 5.7 ppm could possibly
be rationalized as being those for a camphor enolate. The upfield region of the

spectrum was obscured by the signals for the methylenation product.

A more definitive experiment testing the hypothesis of partial enolization was
necessary. A deuterium-labeling study furnished an unequivocal answer to this
question. The a-deuterated camphor was prepared by deuterium exchange under
basic conditions. If camphor were being enolized to some extent, the 2H NMR
spectrum should show signals for the alkene as well as distinctive signals for the
enolate and the titanium-bound methyl group. (See Scheme 4.) The only signals
seen in the 2H NMR spectrum were two singlets for the methylenation product
plus two for residual starting material. So far, this compound is the only exception

to the general rule regarding enolization of sterically hindered ketones.

Camphor would appear to be a good candidate for enolization with 1 based
on sterics, especially because it is also easily enolized under basic conditions; how-
ever, reaction with 1 results exclusively in methylene transfer. This result is most
likely due to the unfavorable thermodynamics of the formation of a stable enolate.
Although the ketone is sterically hindered, thus slowing methylene transfer and
ostensibly favoring enolization, camphor is further constrained by its bicyclic sys-
tem. Enolization would introduce a double bond as well as a great deal of strain

into this system. Therefore, for camphor, methylene transfer is the preferred,
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Scheme 4. Methylenation vs. enolization of camphor.

albeit slow, reaction. Because this reaction is slow, decomposition of the tita-

nium reagent is probably competing with methylene transfer, providing unreacted

starting material.

With partial enolization of camphor ruled out, it appears that all ketones
tested react through only one of the two pathways outlined in Scheme 2. At no

time is a mixture of products ever observed.
Reactivity of Titanocene Methyl Enolates

These methyl enolates are quite different from the chloride enolates, in both
stability and physical appearance. In contrast to the titanocene chloride enolates,
most of these methyl enolates are quite thermally stable. Only slight decompo-
sition of 24b was seen after heating to 80 °C for several hours in toluene. This
decomposition was detected by the decrease in integration of the cyclopentadienyl
signal in the NMR spectrum, with no new identifiable products growing in. Also,

instead of being easily isolated as orange powders, the methyl enolates are red oils.
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Although the oils are apparently pure by NMR, attempts at obtaining satisfactory

elemental analyses were unsuccessful.

In order to determine their nucleophilicity and reactivity, these complexes
were treated with alkylating agents. The pinacolone methyl enolate was treated
with two equivalents of Mel for 12 h in refluxing DME. This treatement produced
no detectable alkylation. Longer reaction times and other solvents such as p-
dioxane gave the same results. The chloride enolate counterparts are also not
very readily alkylated, but it is not clear whether this is due to an inherent non-
nucleophilic nature or the competing decomposition that occurs under the reaction

conditions.

Titanocene chloride enolates undergo aldol condensations with aldehydes be-
tween 0 °C and 25 °C to produce #-hydroxyketone products in good yield.?3:24
However, the corresponding methyl enolates do not react with aldehydes to effect
aldol condensation at temperatures up to 80 °C. This result demonstrates how the
exchange of a chloride for a methyl group significantly reduces the Lewis acidity

of the metal center in these enolates.

In the attempts to effect aldol condensation with these enolates, another ob-
servation was made. Under these conditions, the reaction does not appear to be
reversible. There was no evidence of titanocene methylidene being trapped by the

potential aldol substrate.

The enolates produced by the reaction of 1 with hindered ketones do not
appear to be important compounds with regard to their capacity to act as eno-
lates. There is no potential for regioselective enolate formation, because 1 forms
enolates with ketones having only a single possible enolate isomer. Also, all the
reactivity studies indicate that these compounds show little or no promise in trans-

formations generally associated with metal enolates such as aldol condensations



27
and alkylation. The production of titanocene methyl enolates is, however, an im-
portant discovery because it demonstrates that there are steric limitations to the

methylenation of ketones using titanocene methylidene.
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SUMMARY

The nucleophilic and nonbasic character of these titanium reagents is demon-
strated by the lack of epimerization of a-chiral centers in reactions with optically
active ketones. Because of these properties, we have been able to demonstrate
that 1 cleanly converts easily enolizable ketones to terminal olefins. These alkene

products are easily isolated in high yield.

The titanocene methylidene has proven to be a versatile reagent for synthesis
which shows selectivity between similar functional groups. It is very selective
for ketones over esters. There is also a demonstration of regioselectivity for less

sterically hindered ketones.

Previous to this work, 1 had been shown to react with carbonyl-containing
compounds in two distinct ways, the first of which is methylene transfer. This is
the most common, occurring with aldehydes and most ketones and esters. The sec-
ond pathway is enolate formation via §-elimination, provided that a good leaving
group is present. This type of reactivity is seen with acid halides and anhydrides.
Both pathways are assumed to involve an oxa-metallacycle intermediate. This
work presents a third type of reactivity involving a completely different mecha-
nism. With very sterically hindered ketones, proton transfer becomes the dominant
reaction, and titanocene methyl enolates are formed. These enolates are much less
Lewis acidic than those formed from acid chlorides and anhydrides and do not

effect aldol condensations with aldehydes and ketones.
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EXPERIMENTAL SECTION

General Considerations. All manipulations of air- and/or water-sensitive
compounds were performed using standard high-vacuum or Schlenk techniques.
Argon was purified by passage through columns of BASF R3-11 catalyst (Chema-
log) and 4 A molecular sieves (Linde). Solid organometallic compounds were trans-
ferred and stored in a nitrogen-filled Vacuum Atmospheres glovebox, equipped
with an MO-40-1 purification train, DK-3E Dri-Kool conditioner, and Dri-Cold
freezer. Flash chromatography was performed by the procedure of Still,28 us-
ing Woelm 32-63 (32-63 pm). Thin layer chromatography was performed on EM
Reagents 0.25 mm silica gel 60-F plates and visualized with either iodine vapor or
phosphomolybdic acid/ethanol spray. All reaction temperatures were measured

externally.

Materials. Toluene, diethylether, and tetrahydrofuran (THF') were stirred
over CaH,, then transferred onto purple sodium-benzophenone ketyl. Pentane
and hexane were stirred over concentrated H;SO4, washed with H, O, dried over
CaHg;, then transferred onto purple sodium-benzophenone ketyl solubilized with
tetraglyme. Dichloromethane was stirred over P05 or CaH; and degassed by re-
peated freeze-pump-thaw cycles. Dried degassed solvents were vacuum-transferred
into dry glass vessels equipped with Teflon valve closures and stored under ar-
gon. Benzene-dg, toluene-ds, and THF-ds (Cambridge Isotopes) were dried and
vacuum-transferred from purple sodium-benzophenone ketyl. Dichloromethane-
d; (Cambridge Isotopes and Norell, Inc.) was dried over CaH, and degassed
by several freeze-pump-thaw cycles. Chloroform-d (Aldrich) was dried over 4 A
molecular sieves. The Tebbe reagent 2 was prepared by the published procedure.??
Titanacyclobutanes were prepared as previously described.!® Titanocene dichlo-
ride (Boulder Scientific) was purified by Soxhlet extraction with dichloromethane

followed by crystallization. Trimethylaluminum was obtained as a 2M solution



30
in toluene from Aldrich. Alumina Woelm N, activity I was obtained from ICN
Biochemicals and deactivated to activity III.2° Acetophenon'e was obtained from
MCB. Methyl benzoate was obtained from Eastman Chemicals. All other chemi-
cals not otherwise specified were obtained from Aldrich and used without further

purification.

Instrumentation. NMR spectra were recorded on a Varian EM-390 (90
MHz, 'H), JEOL FX-90Q (89.60 MHz, 'H; 22.53 MHz, 13C), JEOL GX-400
(399.65 MHz, 'H; 100.4 MHz, 13C; 61.37 MHz, 2H) or Britker WM-500 (500.13
MHz, 'H). Chemical shifts are reported in §, referenced to residual solvent sig-
nals (*H: C¢Dg, § 7.15; C;Dg, 6§ 2.09; THF-dg, § 3.58 or 1.73; CD,Cl;, § 5.32;
CDCls, 6§ 7.24; 13C: CgDg, 6 128.0; C;Ds, 6 20.9; THF-ds, § 67.4; CDCl,, § 77.0).
Data are reported as follows: chemical shift, multiplicity (s=singlet, d=doublet,
t=triplet, q=quartet, m=multiplet, br=broad), coupling constant (Hz), integra-
tion and assignment. Gas chromatography analyses were performed on a Shimadzu
GC-Mini-2 equipped with an SE-30 capillary column, flame-ionization detector,

and a Hewlett-Packard 3390A integrator.
General procedure for reaction of ketones with the Tebbe reagent

Method A: A solution of 2 (313 mg, 1.1 mmol) in 4 ml of THF (pre-cooled
to —40 °C) was prepared under Ar. To this was added 1.0 mmol of ketone.
After stirring at —40 °C for 15 min, the solution was allowed to warm to room
temperature. The reaction was quenched by the addition of 300 nl of 15% aqueous
NaOH. The resulting dark green solution was diluted with 50 ml of pentane, dried
(MgSOy), filtered through Celite and concentrated. (Isolation of the product
from titanium and aluminum by-products was facilitated by allowing the diluted
solution to stand overnight before filtration.) The crude product was further

purified by filtration through a short column of silica gel or alumina.
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Method B: This method is similar to Method A except that toluene was
used as the solvent, and one equivalent of pyridine was added. Further workup

and purification of products were identical to that described in Method A.
General procedure for the reaction of ketones with titanacyclobutanes

A solution of 3 (304 mg, 1.1 mmol) in 4 ml of ether (pre-cooled to 0 °C) is
prepared under Ar. To this is added 1.0 mmol of ketone. The reaction mixture is
allowed to warm to room temperature over 30 min and then diluted with 50 ml of
pentane and filtered through Celite. Further purification is effected as described

for the reaction with 2.
General procedure for NMR tube reactions of ketones with 3a

The titanacyclobutane was loaded into a tared NMR tube. A latex septum
was fitted onto the tube, and it was sealed with Parafilm. Benzene-dg (350-400 pl)
was added to the tube via syringe, and the solution was frozen. Liquid substrates
and internal standards were then added via syringe, and the solution was allowed
to warm to room temperature. If necessary, the tube was centrifuged upside down
to deposit the titanocene oxo-polymer in the top of the tube, thus removing it

from solution prior to analysis by NMR spectroscopy.
Preparation of 1-methyl-tetralone 7a3!

A solution of 2-tetralone (1.8 ml, mmol) and pyrrolidine (2 ml, mmol) in 40
ml of benzene was heated to reflux for 4 h in a flask fitted with a Dean-Stark trap.
The solution was concentrated and redissolved in 10 ml of p-dioxane. To this was
added 5 ml of methyl iodide followed by a 13 h reflux. Then 5 ml of HO and 1 ml
of glacial acetic acid was added followed by 5 h. of refluxing. The reaction mixture
was cooled, concentrated and taken up in ether. The ethereal solution was washed
with saturated aqueous NaHCOj; (3 x 25 ml), dried (MgSOy4), and concentrated.

The product was separated from a small amount of starting material by flash
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chromatography eluting with pentane/ethyl acetate (9:1). Purification yielded 1.5
g of a clear oil. 'H NMR (90 MHz, CDCl3): § 7.19 (s, 4H), 3.47 (q, J=6.3 Hz, 1H),
2.88-3.19 (m, 2H), 1.44 (d, J=6.3 Hz, 3H).

Preparation of 2-phenylcyclopentanone 12a3%?

A solution of bromobenzene (4.9 ml, 47 mmol) in 30 ml of ether was added
to 1.15 g (47 mmol) of magnesium metal activated by a crystal of iodine. The
solution was added at such a rate to maintain moderate reflux. After the addition
was complete, the Grignard solution was cooled to 0 °C. To this was added a
solution of 2-chlorocyclopentanone in 20 ml of ether. The ice bath was removed,
and the reaction was stirred at room temperature for 1 h. The ether was removed
to give a red, very viscous oil. This oil was dissolved in 50 ml of xylenes and
heated to 155 °C for 2 h. After cooling to room temperature, the reaction mixture
was poured into 200 ml of ice and 50 ml of 10% HCI. This was stirred until the
ice melted and was then filtered through Celite. The layers were separated, and
the aqueous layer was extracted (3 x 50 ml) with ether. The combined layers were
washed with 10% aqueous NaOH (100 ml) and H,O (100 ml), dried (MgSO4) and
concentrated. The resulting dark orange oil was Kugelrohr distilled (70 °C/ 0.1
torr) to give 3.1 g of a yellow liquid. (45%) 'H NMR (90 MHz, CDCl;): § 7.10-7.36
(m, 5H), 3.06-3.50 (m, 1H), 1.61-2.65 (m, 6H).

Preparation of diazomethane

A solution of 120 ml of 50% KOH and 400 ml of ether in an Erlenmayer flask
was cooled to 0 °C. To this was slowly added 42 g of nitrosomethylurea with
swirling. The addition and dissolution took approximately 1 h. The ether layer
was decanted onto a layer of KOH pellets covered with ether and dried at 0 °C

for 45 min.
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Preparation of 3-methoxy-2-methyl-2-cyclopentenone

A solution of diazomethane (prepared as previously described) was decanted
into a solution of 4.0 g of 2-methyl-1,3-cyclopentadione in 50 ml of ether until the
diketone solution remained yellow. Glacial acetic acid was added dropwise until
the solution cleared. The solution was washed with brine (25 ml), dried (MgSQy,),
and concentrated. The crude product was sublimed at 50 °C/ 0.01 torr to give 3.1
g of product. 'H NMR (90 MHz, C¢D¢): § 3.07 (s, 3H), 1.94-2.01 (m, 2H), 1.74

(br s, 5H).
Preparation of 2-methyl-3-phenyl-2-cyclopentenone 14a

Phenyl magnesium bromide was prepared in the usual manner from 1.42 g (9
mmol) of bromobenzene and 223 mg of magnesium metal in 15 ml of ether. To
this was added a solution of 1.0 g (7.9 mmol) of 3-methoxy-2-methyl-pentenone in
25 ml of THF. The reaction mixture was stirred at ambient temperature for 1.5
h, poured into 50 ml of 10% HCI, and stirred for 1 h. The layers were separated,
and the aqueous layer was extracted with ether (4 x 25 ml), dried (MgSO,),
concentrated and Kugelrohr distilled. (70 °C/ 0.05 torr) The resulting impure oil
was purified by flash chromatography eluting with pentane/ether (3:1) to give 510
mg of a light yellow oil. (37%) 'H NMR (90 MHz, CDCl;): § 7.15-7.38 (m, 5H),

4.79 (br s, 2H), 2.43-2.79 (m, 4H), 1.83 (s, 3H).

6b: 'H NMR (90 MHz, CDCl,): § 7.09 (s, 4H), 4.86 (s, 2H), 3.53(s, 2H),
2.86 (t, J=6.3 Hz, 2H), 2.46 (t, J=6.3 Hz, 2H); 13C NMR (22.53 MHz, CDCl,): §

145.4, 137.0, 136.4, 128.4, 125.9, 108.3, 37.1, 31.8, 31.2.

7h: 'H NMR (90 MHz, CDCl3): § 6.93-7.21 (m, 4H), 4.85 (s, 2H), 3.53 (q,
J=17.2 Hz, 1H), 2.26-3.02 (m, 4H), 1.40 (d, J=7.2 Hz, 3H); 1*C NMR (22.53 MHz,

CDCl,): § 146.2 137.5, 137.0, 128.0, 126.3, 109.0, 37.2, 32.3, 31.8, 27.3.
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8b: 'H NMR (90 MHz, CDCl,): § 4.70 (s, 1H), 4.15 (s, 1H), 2.62-2.83 (m,
1H), 1.27-2.47 (m, 8H), 0.95 0.95 (s, 9H); *C NMR (22.53 MHz, CDCl,): § 139.7,

100.3, 37.4, 35.2, 29.7, 28.9, 27.3, 25.2, 21.3.

9b: 'H NMR (90 MHz, CDCl;3): é§ 7.23 (s, 5H), 4.71 (s, 1H), 4.10 (s, 1H),
3.13-3.41 (m, 1H), 1.30-2.62 (m, 8H); 13C NMR (22.53 MHz, CDCl;): § 152.8,

143.4, 128.5, 128.1, 126.1, 108.3, 50.0, 36.2, 33.8, 28.5, 26.2.

10b: 'H NMR (90 MHz, C;Ds): § 4.68 (s, 1H), 4.23 (s, 1H), 2.21-2.38 (m,
1H), 1.23-1.98 (m, 8H), 0.97 (d, J=7.1, 3H); *C NMR (22.53 MHz, CDCl;): §

144.2, 105.2, 38.2, 34.6, 29.1, 28.4, 25.1, 22.9.

11b: (mixture of isomers) 'H NMR (90 MHz, CDCl;): § 4.68 (br s), 4.52 (br
s), 2.28-2.39 (m), 1.77-1.93 (m), 1.15-1.69 (m), 0.97-1.10 (overlapping doublets).

12b: 'H NMR (90 MHz, CDCl;): § 7.20 (s, 5H), 4.95 (s, 1H), 4.53 (s, 1H),
3.26-3.79 (m, 1H), 1.44-2.65 (m, 6H); 1*C NMR (22.53 MHz, CDCl;): § 156.4,

144.9, 128.7, 128.2, 125.9, 107.2, 51.3, 36.5, 33.4, 24.7.

13b: 'H NMR (90 MHz, CDCl;): § 7.25 (s, 5H), 4.87 (s, 2H), 3.17-3.42 (m,
1H), 2.85 (d, J=6.5 Hz, 2H), 1.80-2.47 (m, 4H); 1*C NMR (22.53 MHz, CDCl;):
6 154.2, 142.8, 128.3, 128.0, 126.3, 108.3, 54.2, 37.2, 34.0, 23.9.

14b: 'H NMR (90 MHz, CDCl): § 7.15-7.38 (m, 5H), 4.79 (br s, 2H), 2.43-
2.79 (m, 2H), 2.40-2.64 (m, 4H), 1.83 (s, 3H).

15b: H NMR (90 MHz, CDCl;): § 4.57-4.80 (m, 2H), 1.10-2.63 (m, 7H), 0.90
(d, J=2.9 Hz, 6H), 0.76 (s, 3H); 1*C NMR (22.53 MHz, CDCl;): § 159.5, 101.0,

51.5, 47.2, 44.7, 37.0, 35.1, 28.0, 19.6, 19.0, 12.5.
15a-d,: 2H NMR (61.37 MHz, C;Hj): § 2.02 (br s), 1.50 (br s).

15b-d,: 2H NMR (61.37 MHz, C1Hs): 6 2.25 (br s), 1.77 (br s).
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Selectivity Competition Experiments
e Carbonyl substrates with 2 and 3 under standard reaction conditions

Stock solutions, equimolar in both carbonyl substrates, (listed with product
ratios in Tables 2-5) were prepared in toluene. Stock solutions of 2 and 3 were pre-
pared in toluene and benzene, respectively, immediately before the experiments
were conducted. The solution of 3 was frozen while not in use. The reaction
conditions were identical to those described earlier (Method B for 2). The prod-
uct ratio was determined by capillary gas chromatography analysis. Retention
times and molar response ratios were determined with pure starting materials and

independently prepared products.
e Carbonyl substrates and 2 with modified reaction conditions

Stock solutions of reactants were used as above. The conditions were modified
by the addition of pyridine to a solution of carbonyl substrates cooled to —40 °C
followed by the very slow addition of a toluene solution of 2. The workup and

product ratio analysis proceeded as described above.
Preparation of methyl pivaloate 31a

A solution of methanol (500 gl, 12.5 mmol) and pyridine (1.0 ml, 12.5 mmol)
in 50 ml of ether was prepared and heated to reflux. This was followed by the
dropwise addition of neat pivaloyl chloride (1.0 g, 8.3 mmol) to the refluxing
solution. When the addition was complete, the oil bath was removed, and the
reaction mixture was allowed to stir at ambient temperature for 4 h. The reaction
mixture was cooled to 0 °C and filtered to remove the pyridinium hydrochloride
precipitate. The resulting ethereal solution was washed with dilute HCI (20 ml)
and H,O (20 ml), dried (MgS0O4), and concentrated to yield a clear oil that was
pure by NMR and used without further purification. 'H NMR (90 MHz, C¢Ds):
§ 3.32 (s, 3H), 1.10 (s, 9H).
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Preparation of 1,1-dimethyl-2-tetralone 26a

Lithium diisopropyl amide was generated at —78 °C by adding 11.7 ml of
1.2M n-BulLi in hexane to 2 ml of dry diisopropyl amine in 25 ml of THF. This
mixture was allowed to stir at —78 °C for 45 min. To this was added a solution of
2-tetralone (0.90 ml, 1.0 g, 6.85 mmol) in 10 ml of THF. After 30 min at —78 °C,
Mel (1.7 ml, 3.8 g, 28 mmol) was added. The solution was allowed to warm to
room temperature over a period of 2 h and then was quenched with 10% HCI. The
layers were separated, and the aqueous layer was extracted with ether (3 x 25 ml).
The combined ethereal portions were washed with brine, dried (MgSO,), filtered
and concentrated. The desired product was isolated from starting material and
the mono-methylated product by flash chromatography eluting with pentane/ether
(3:1) to yield 600 mg. (50%) 'H NMR (90 MHz, CDCl;): § 6.98-7.20 (m, 4H),
3.09 (t, J=7.2 Hz, 2H), 1.43 (s, 6H).

General procedure for preparation of titanocene methyl enolates

To a solution of 1.1 equivalent of 3 in ether at 0 °C was added 1.0 equivalent
of ketone. After 5-10 min, the reaction mixture was allowed to warm to room
temperature. Removal of solvent in vacuo yielded a spectroscopically pure red oil.

All attempts at crystallization were unsuccessful.

24b: 'H NMR (90 MHz, C¢Dg): 6 5.70 (s, 10H), 3.86 (s, 1H), 3.35 (s, 1H),
1.01 (s, 9H), 0.86 (s, 3H); 13C NMR (22.53 Mz, C¢Ds): 6 179.2, 112.5, 81.3, 37.3,
36.2, 28.6.

26b: 'H NMR (90 MHz, C¢Ds): § 5.70 (s, 10H), 4.22 (t, J=4.3 Hz, 1H), 3.55
4.3 Hz, 2H), 1.31 (s, 6H), 0.91 (s, 3H); 13C NMR (22.53 Mz, C¢Ds): § 167.4, 133 .4,
129.0, 126.9, 125.6, 112.5, 93.5, 40.0, 36.1, 30.5, 29.1.

27b: 'H NMR (90 MHz, C¢Dg): § 5.69 (s, 10H), 4.08 (t, J=4.5 Hz, 1H),
2.00-2.34 (m, 2H), 0.97 (s, 6H), 0.86 (s, 3H); 1*C NMR (22.53 Mz, C¢Ds): § 170.3,
112.3, 96.9, 39.8, 36.5, 35.2, 27.6, 25.8, 20.5.
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Chapter 2

The Geminal Dimethylation of Ketones
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INTRODUCTION

The development of uses for the reactive fragment, titanocene methylidene 1,
(and titanocene alkylidenes) has been an ongoing research interest of our group.!?
Some of the most important uses of 1 include catalysis of olefin metathesis® (see
Equation 1), stoichiometric methylenation of carbonyl groups? (see Equation 2),
and most recently, ring opening metathesis polymerization* (ROMP). (See Equa-
tion 3.) The fact that 1 will react with both carbonyl and olefin functionalities
makes it a very versatile reagent. Although each of these different types of reac-
tivity is important in its own right, the utility of 1 is further enhanced when the

two reactions are combined.

B
Cp2Ti==CH> A +H,C / B
oo T ewr >
A

A
H2C'=/ - H2C=/

R R
CpaTi=CHs + O=< —_— H20=< + [CpaTi=0], (2)
1 R R

5b’ T/Fb
szTi:CHg —_— sz'ﬁ
—;-szTl—\Q/—___-— —— ——»= polymer
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Examples of this “tandem” use of titanocene methylidene are seen in the use of
a ketone to end-cap a ROMP product? and in an efficient synﬁhesis of {4} Al%a2)
capnellene.® Both of these examples involve productive metathesis, followed by a
reaction of the thus formed titanocene alkylidene with a carbonyl group. In these

examples, the substrates, alkene and carbonyl, come from two different sources.

R R R
o= —1 . me=( —' cpzr.<>< (@)
R R R

2

Another approach to combining the different reactivities is the treatment of a
carbonyl-containing substrate such as a ketone with two equivalents of the partic-
ular source of 1, either the Tebbe reagent or a titanacyclobutane. (See Equation
4.) The first equivalent of 1 reacts with the ketone to produce a terminal alkene
via a Wittig-type methylenation. The resulting alkene is a substrate for the second
equivalent of 1 and can react to produce a new 3,4-disubstituted titanacyclobu-
tane 2. The metallacycle produced can react further in a number of different
ways. Earlier studies with metallacycles have demonstrated their reactivity with
various reagents.?® Some of these transformations include carbonylation,® the re-
ductive elimination of cyclopropanes induced by photolysis’ or oxidizing agents,®

and cleavage of the Ti—C bonds by electrophiles.?* (See Scheme 1.)

Synthetically, conversion of a ketone to a 3,8-disubstituted metallacycle pro-
vides a means of producing a further functionalized quaternary center. This trans-
formation is significant in that there are many procedures for the formation of
carbon-carbon bonds, but the majority of them are not applicable to the creation
of a quaternary carbon. The generation of such centers is one of the most restricted

processes in organic synthesis.?
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CHx—H

Scheme 1. Reactions of metallacycles producing quaternary carbon centers.

The combination of these types of reactivity has been used successfully in
earlier studies in the development of titanocene methylidene as a useful reagent
for organic synthesis. Combining these reactions results in a wide range of one-pot
annelation procedures for ketones. In fact, one cyclic acyloin synthesis has been
carried out in overall 54% yield.® This yield after minimum optimization suggests
these reactions could provide extremely efficient routes to complex systems. One-

pot conversion of a ketone to a cyclopropane has also been observed.?

Earlier mechanistic work on metallacycles that were isolated in olefin metathe-
sis studies indicated that electrophiles will cleave the Ti—C bonds. This produces
an alkane with a geminal dimethyl center. Again, combining the two types of
reactivity seen with titanocene methylidene, it appeared that we could develop a
synthetic route allowing the simple and direct conversion of a ketone to a geminal

dimethyl moiety.

Probably the most widely used strategy for geminal dimethylation of ketones
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is a multistep procedure, including Wittig methylenation, Simmons—Smith cy-
clopropanation and hydrogenolysis.!® Previously, it had beeﬁ shown that certain
ketones are geminal-dimethylated with a fourfold excess of AlMes; under pyrolysis
conditions.! However, this method suffers from low yields because of competing
enolization and rearrangement. More recent reports by Reetz!?!?® demonstrate
a method allowing exhaustive methylation of ketones, using two equivalents of

Me,TiCl; at or below room temperature.

The development of a procedure to convert a ketone to a geminal dimethyl
center under mild conditions would be a useful one. These centers appear fre-
quently in natural products such as terpenes and steroids, and other compounds

of synthetic and theoretical interest.
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RESULTS AND DISCUSSION
Geminal Dimethylation Reaction

The treatment of a ketone (within certain steric limitations, which will be
discussed below), with two equivalents of titanocene methylidene allows for the
coupling of Wittig-type methylenation with metallacycle formation. The substrate
ketone reacts with one equivalent of 1 to produce a terminal olefin. The product of
this reaction is also a substrate and can react further with the second equivalent of
1 to form a new metallacycle. Protonolysis of the new metallacycle completes the
process—the formal replacement of the carbonyl oxygen by two methyl groups.

(See Equation 5.)
R CpaTi=CH 3

o < P2 li=Ch3 HaC < Cp2Ti=CH,
R R

R R CHa
R R CHg

This fast, one-pot series of steps occurs under very mild conditions. This

(5)

work was done using the Tebbe reagent as the source of 1. The ketone is added to
a —40 °C solution of two equivalents of the Tebbe reagent in THF. The reaction
mixture is allowed to warm to —20 °C over 30 min. Protonolysis is effected by
cooling the reaction mixture to —70 °C and treating it with an excess of HCI gas.
After protonolysis, the reaction mixture is allowed to warm to room temperature
and is diluted with pentane, or pentane and ether. The titanium and aluminum
by-products are easily removed by filtration through a short colul;nn of Celite and

silica gel in a Biichner funnel. Concentration of the eluant allows for isolation of a
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Table 1. Ketone substrates and their dimethylated produbts

ketone product yield
o CHj
3a 3b
o HsC CHs
£ Ph
4a 4b
o} HsC CHs
tBu tBu
5a 5b
®) HiC CHs
Ph Ph
6a 6b
o HaC CHs
Hacﬁ ”3°>Ej\ e
7a 7b
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product of generally high purity. Isolation of the dimethylated product from any

alkene formed from incomplete reaction can be achieved by flash chromatography.

The utility of this procedure is illustrated by the ketone substrates and their
geminal dimethylated products listed in Table 1. The products in these reac-
tions are formed and isolated in moderate-to-high yield. It appears that lightly
substituted cyclic ketones are good candidates for this direct geminal dimethy-
lation procedure, presumably because the alkenes formed from methylenation of
these ketones form very stable metallacycles. Earlier work!? on the stability of

metallacycles have shown these 3-spiro-metallacycles to be quite stable.

The high stability of such metallacycles was also noted in some of our methyle-
nation work.2¢:1% It was observed that metallacycle formation with 2-tetralone was
so facile and the metallacycle so stable that it was difficult to simply methylenate
this compound without obtaining some of the dimethylated product under stan-
dard reaction conditions. The fact that some of the dimethylated product was
being produced indicated that protonolysis of the metallacycle could be effected
under the basic conditions used in the workup of the methylenation reaction. With
an excess of 1,% the alkene product reacts to form a metallacycle that undergoes

protonolysis in the workup with 15% NaOH at —20 °C.

For dimethylation, this basic workup appears to be inferior to treatment with
HCl gas at —70 °C. At this lower temperature, the metallacycles are more stable,
and protonolysis is very fast. Protonolysis with an aqueous base is slower. The
equilibrium of metallacycle cleavage (see Equation 6) lies farther to the right at
the higher temperature at which the basic workup is done, giving a lower ratio of

dimethyl-to-alkene products.

Another procedure for the conversion of ketones to geminal dimethyl centers
is that reported by Reetz.!® This method uses Me,;TiCl; 8 to effect this transfor-

mation. (See Scheme 2.) His proposed mechanism involves the addition of Ti-CHjy
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R R
CDZTIQ(R R CpaTi=CHs + H2C=< (6)

CH3TiCl»

|
R o 8
>=O + (CH3)2T|C|2 —_— >< —
8 R CHa

CHs TiCl
R | R. CHg

>+—CH3 H3C\_,O = ><
Hs — T | R

R

R

R CHs

Scheme 2. Reetz' procedure and proposed mechanism for geminal
dimethylation using (CH3),TiCl,.
across the C=0 bond. The carbocation that is subsequently formed reacts with a
second equivalent of 8 to afford the dimethylated product. Although this method
has not yet seen widespread use, it does show promise for use with many types
of ketones. One restriction on this method involves a,3-unsaturated ketones. In
an attempt to apply this procedure to this type of substrate, products were ob-
tained that imply the intermediacy of an ambident allyl cation 9. (See Equation
7.) On the other hand, the results in Table 1 show that titanocene methylidene
works quite well with a,8-unsaturated ketones. There is no problem of additional
products from cation rearrangements as observed in the Reetz procedure, since

the reaction with 1 goes through an entirely different mechanism,

This method has some great advantages over the older methodologies used to

effect geminal dimethylation of ketones. Simply in terms of mildness of reaction
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0 CHs
L. /\+/|\
R/\)j\ R R XA R'
. - (7)
CHa CHs3 CHj
/\X - )\)\
8 +
— R \ CHs R / R'

conditions, this procedure is superior to the older procedure of using AlMe; under
pyrolysis conditions. The use of 1 is also an advancement over the multistep ap-
proach involving methylenation, cyclopropanation and hydrogenolysis. Although
the reaction using 1 also appears to be three separate reactions, it is actually a

fast, one-pot operation. The former process is a much more complex series of

separate and more labor-intensive reactions.

Another problem with the older method lies in the first step, the Wittig
methylenation. Because the phosphorus ylides used in this reaction are quite
basic, enolization becomes the dominant reaction with easily enolizable ketones;
proton transfer is rapid relative to methylenation. On that basis, the use of this
methodology is precluded for ketones of this type. On the other hand, these
ketones are quite readily methylenated with titanocene methylidene. This reagent

is nonbasic relative to the rate of methylene transfer.®
Steric Limitations of Metallacycle Formation

An examination of the ketones in Table 1 indicates that compounds that are
good substrates are ones that are relatively unsubstituted. Indeed, a restriction on
this procedure is that the carbonyl in the ketone substrate must be adjacent to two
methylene groups. A comparison of these ketones shown to be good candidates
with those listed in Table 2 confirms this. It appears that a single substituent on

the a-carbon can block the formation of the desired geminal dimethyl product.
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Subjecting these a-substituted ketones!® to the general geminal dimethylation pro-
cedure produces only an alkene product—that formed from ﬁethylenation, iden-
tical to the alkene produced by treatment with a single equivalent of titanocene
methylidene. The second equivalent of 1 remains unreacted. Ther;fore, the dif-

ficulty apparently lies either in the formation of a metallacycle from the alkene

product or in the protonolysis thereof.

There is no obvious reason why protonolysis should be significantly more dif-
ficult for a given metallacycle over another. All terminal alkenes form similar 3,8-
disubstituted metallacycles. Therefore, the environment at the metal center, the
site where protonolysis occurs, should not vary greatly with different substrates.
In light of the earlier studies on the stability of metallacycles, either the possibility
of a problem with the formation of a metallacycle or its instability under the re-
action conditions seemed to be more likely causes of incomplete reaction. To test
this hypothesis, the reaction was monitored using low-temperature 'H NMR spec-
troscopy. Presumably, this would allow direct observation of a metallacycle. The
thought was that a-substituted ketones might require modified reaction conditions
such as lower temperatures. Variable-temperature NMR would allow the deter-
mination of a temperature at which the metallacycle would be formed and could
undergo protonolysis. The low-temperature NMR experiments were performed in
toluene-dg with the addition of two equivalents of pyridine to effect dissociation

of dimethylaluminum chloride.

The first ketone monitored was 2-tetralone, a ketone that does undergo facile
geminal dimethylation. Product analysis gives independent evidence that a met-
allacycle is formed with the methylenation product of this ketone. Monitoring
the reaction of 1 with 2-tetralone first provides a check on the experiment. It
establishes that under the experimental conditions, metallacycle formation that is

presumed to occur can, in fact, be observed spectroscopically. Other substrates
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Table 2. Ketone substrates and their products

ketone

product

ng
@»
0
.
&rph
ioj/cm
go

3a

11a

12a

4a

13a

14a

15a

CHj
@L CHa
CHs
: i . CHp
CH2
HzC CHj
Ph
CHa
é/ Ph
CHa
? CHs
~ CHa

3b

11b

12b

4b

13b

14b

15b
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could be compared accordingly. The results of the experiment using 2-tetralone
were very straightforward. The methylenation reaction was very fast at —40 °C
as evidenced by NMR signals for the new alkene. This was followed by metallacy-
cle formation. The progression of the second reaction could be obs.erved by new
signals for the newly formed metallacycle, particularly the cyclopentadienyl rings
just upfield from the signal for the Tebbe reagent and the AB quartet for the a-
protons. These signals grow in at the the expense of those for the alkene produced
in the first step; this can be seen clearly in the spectrum shown in Figure 1. This
spiro-metallacycle 10 produced from the methylenation product of 2-tetralone is

formed at —40 °C and is stable up to room temperature.

Similar low-temperature NMR experiments were repeated on other substrates
for which geminal dimethylation had not been previously observed. As a direct
comparison with 2-tetralone, 1-methyl-2-tetralone was used as a substrate. Again,
methylenation occurred quite rapidly. However, at temperatures ranging from
—70 °C to +20 °C, the equilibrium for any metallacycle formation that might
be occurring lies too far to the left for it to be observed. The signals for the
olefinic protons never disappeared, as would be the case with the production of
a new metallacycle. Other ketones examined in this type of experiment, which
gave the same negative results, were 1-tetralone 12a, 2-phenylcyclohexanone 13a,

and adamatanone 15a. The fact that 1-methyleneadamantane does not form a
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metallacycle was somewhat surprising. It was thought that the substituents should
be more constrained by the ring structure, thereby decreasing steric interactions
with the cyclopentadienyl rings. This, however, did not appear to be the case.
These results imply significant steric interactions between any a-substituents and

the cyclopentadienyl rings in the metallacycle, if it were to be formed.
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SUMMARY

Titanocene methylidene reacts with carbonyl moieties as well as alkenes.
Through the combination of these two types of reactivity, we have developed a
simple, one-pot method for creating a geminal dimethyl center from a ketone. In
examining the scope of this reaction, we have found that it is a sterically restricted
process in that only ketones with no a-substituents will undergo this transforma-
tion. However, it is a mild method, complementary to Reetz’s procedure, in which
a more highly substituted ketone is the favored substrate. It also gives only one
product with a,S-unsaturated ketones, whereas Reetz’s procedure gives a mixture.
This reaction is yet another way in which titanocene methylidene can be used to

convert a ketone to a quaternary center.
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EXPERIMENTAL SECTION

General Considerations. All manipulations of air- and/or water-sensitive
compounds were performed using standard high-vacuum or Schlerk techniques.
Argon was purified by passage through columns of BASF R3-11 catalyst (Chema-
log) and 4 A molecular sieves (Linde). Solid compounds were transferred and
stored in a nitrogen-filled Vacuum Atmospheres glovebox, equipped with an MO-
40-1 purification train, DK-3E Dri-Kool conditioner, and Dri-Cold freezer. Flash
chromatography was performed by