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Abstract: The reactions of cis- and trans-2,2,6,6-tetramethylhept-4-en-3-one with various Grignard reagents, dialkylmag-
nesium compounds, magnesium halides, as well as organolithium, aluminum, and copper compounds have been investigated.
The scope and limitations of the use of this enone system for detection of single-electron transfer (SET) in main group metal
reactions is discussed. Subject to certain limitations, it appears that the reactions of -BuMgCl with the cis or trans enone (and
therefore any ketone of lower reduction potential) is proceeding via a single-electron transfer pathway. Allyl Grignard reac-
tions appear to be proceeding via a polar pathway. Methyl Grignard reactions with these enones are more complicated; how-
ever, trends indicate that these reagents are reacting via a polar pathway complicated by a side reaction involving transition
metal impurities in the magnesium (from which the Grignard reagent was made) that leads to SET isomerization of the enone.
The addition of p-dinitrobenzene to reactions of CH3MgBr with “cis enone” retards isomerization of the “enone". The use of
the enone probe for detection of SET pathways involving organolithium, aluminum, and copper reagents is also discussed.

Introduction

The importance of the Grignard reaction in synthetic or-
ganic chemistry is well recognized. The mechanism of this
reaction has been under investigation for many years by nu-
merous investigators. In recent years the major lack of un-
derstanding concerning the reactions of Grignard reagents with
ketones has centered on the nature of the alkyl transfer from
the reagent to the carbonyl carbon atom. Whether this step
occurs by a polar or single-electron transfer mechanism has
been the source of considerable speculation.!-!1

As part of a continuing investigation into the nature of the
alkyl transfer step in main group metal addition reactions,
2,2,6,6-tetramethylhept-4-en-3-one was employed as a probe
to detect single-electron transfer (SET). This study is primarily
directed toward a deeper understanding of the nature and
extent (if any) of a SET pathway operating in Grignard re-
actions with ketones, especially when transition metal catalysts
are rigorously excluded, as well as toward gaining insight into
the conditions which determine the extent of SET reaction.
This study also includes a variety of other metal and mixed
metal alkyls in order to gain better perspective regarding the
scope and nature of this probe.

The idea underlying the use of 2,2,6,6-tetramethylhept-
4-en-3-one as a probe is that the cis isomer is rapidly converted
to the trans isomer in any reaction involving the transfer of an
electron to the enone.!2 A polar reaction, however, involving
the cis isomer would be expected to give only ¢is products (eq
1). In this way the enone was used as a probe in an attempt to
detect SET when allowed to react with Grignard reagents. The
experiments generally involve 2 equiv of enone per equivalent
of organometallic reagent. This allows observation of “un-
reacted enone” which, presumably, has been involved in the
SET and will reflect the degree of SET occurring in the reac-
tion. Presumably the sequence of events involves electron
transfer from the Grignard to cis enone followed by rapid
isomerization of the cis radical anion to the trans radical anion
followed by electron transfer from the trans radical anion to
the cis enone. Thus cis enone is converted to trans enone by an
electron-transfer chain process involving a very rapid isom-
erization step.

The major drawback to the use of this enone as a probe in-
volves the isomerization of the starting “cis enone” through

0002-7863/78/1500-3101$01.00/0

a SET pathway not necessarily along the main reaction path-
way, followed by a polar reaction to give what appears to be
products of a SET reaction (see eq 1). Based on information
concerning the reactions of Grignard reagents with benzo-
phenones in the presence of p-dinitrobenzene (p-DNB),!1 it
may be possible to inhibit isomerization of cis to trans enone
by the addition of p-DNB to the enone reactions (eq 2).

There are other subtleties concerning this probe which must
also be considered. If the reaction of a Grignard reagent with
cis enone proceeds via a polar pathway, only cis-addition
product will be observed. If, however, the reaction pathway
involves SET, there are three possible observations. If the rate
of isomerization of the “cis ketyl” to the “trans ketyl” is faster
than the rate of collapse of the SET intermediate (such as the
radical cation-radical anion pair) to give products (seeeq 1),
trans-addition products will be observed. If, on the other hand,
the rate of collapse to give products is faster than the rate of
isomerization of cis to trans ketyl, then only cis-addition
products will be observed, in spite of the SET pathway. If the
rate of collapse to give products and the rate of isomerization
of cis to trans ketyl are comparable in rate, a mixture of cis-
and trans-addition products will be observed. For this reason,
then, it would not be possible to observe any difference between
a polar reaction and a SET reaction in which collapse to give
addition products is faster than ketyl isomerization. Thus
isomerization of the probe is a good indication of the SET
process; however, lack of isomerization is not incontrovertible
evidence that a SET process is not in operation.

In spite of the potential drawbacks of this system, a study
of the reaction of cis- and trans-2,2,6,6-tetramethylhept-4-
en-3-one with various Grignard reagents and other organo-
metallic compounds was carried out. The hope was that, by
careful comparison of the various reactions, insight could be
gained into the mechanism of Grignard reactions with ketones,
especially with respect to the mechanism of formation of the
1,2-addition product.

Results and Discussion

Reaction of Various Magnesium Compounds with Cis Enone.
The initial study (Table I} was designed to discover the opti-
mum reaction conditions for the reaction of the enone probe
with various magnesium compounds. It was observed (entries
7-10) that MgBr; itself (which is a component of the Schlenk
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equilibrium describing the Grignard reagent) is capable of o8
isomerizing the cis enone. This would tend to invalidate the I
probe; however, a comparison of entries 1, 4, and 7 shows that B t'BU\ /(;\
the reaction of the Grignard with enone is completely over 0 . c=C +Bu
before 4% isomerization due to MgBr, is observed. Therefore I et H/ \H
the MgBr; should have no significant effect on the results of t'BU\ /(.:\ 0
the Grignard reaction with the enone. The reaction of = t-Bu _ p-DNB I (2)
(CH3),Mg with cis enone shows some isomerization in this H/ \H AN £.Bu ¢
time period (this result will be discussed in more detail later, N AN _
with respect to Table V). A 20-min reaction time was chosen C_C\ t-Bu + p-DNB™
as the best time period for the experiments reported in this H/ H

section,

The reaction of CH3;MgBr with excess ¢is enone is shown
toresult in both 1,2 and 1,4 addition to the enone with various
amounts of isomerization depending upon the grade of mag-
nesium from which the Grignard reagent was prepared (Table
I1, entries 1, 2, and 4). Addition of increasing amounts of FeCl,
to the reaction results in increasing amounts of isomerization
observed in the products, as well as in the unreacted enone
(entries 4-7). The reaction of CH3;MgBr with trans enone
(entry 3) yields only 1,4 and 1,2-trans addition, as may have
been expected. It is interesting to note, however, that whether
one begins with the cis or trans enone, the ratio of percent 1,4
addition to 1,2-trans addition is about the same, regardless of
the amount of 1,2-cis addition produced in the reaction. The
suggestion is that two separate processes are involved: the
addition of the Grignard reagent to the cis enone to form

RMgX + pDNB —> p-DNB™ + RMgX™

1,2-cis-addition product (path A) and the isomerization of the
enone followed by Grignard addition to form 1,2-trans addition
and 1,4 addition in ~50:50 ratio (path B) (eq 3). An analogy
to the situation existing in Grignard reactions with benzo-
phenones seems obvious (eq 4). In eq 4 it was shown that the
pathway leading to pinacol formation is an iron-catalyzed side
reaction unrelated to the normal Grignard addition path-
way.!10-11 In light of this observation, it seems likely that the
isomerization of the enone in the present reaction (eq 3) is also
due to transition metal impurities in the magnesium. What can
be said about the mechanism of the addition reaction is not as
obvious. This topic will be discussed further a little later.
On the other hand, reaction of 1-BuMgCl with excess cis
enone (Table II, entries 8 and 9) shows almost complete
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Table I. Products from the Reactions of Various Magnesium Compounds (0.050 M) with Cis Enone (0.10 M) in Diethyl Ether at Room
Temperature: a Qualitative Rate Study

Starting Products®
Rxn enone % |,2-addn % 1,2-addn
time, % % % 1,4 trans cis % 1,2 %
Expt RMgX min cis trans addn product product redn rxn
1 CH;MgBr¢ 10 85.2 14.8 41.2 40.0 18.8 0 100
2 CH;3;MgBr 20 83.7 16.3 457 40.7 13.6 0 100
3 CH;3;MgBr 30 81.3 18.7 51.2 40.3 8.4 0 100
4 t-BuMgCl4 10 2.8 97.2 9.2 30.5 3.7 56.6 100
S 1-BuMgCl 20 3.7 96.3 8.8 26.5 1.6 63.1 100
6 1-BuMgCl 30 3.7 96.3 10.5 25.5 0.8 63.2 100
7 MgBr,4 10 96.3 3.7 3.7
8 MgBr, 20 93.0 7.0 7.0
9 MgBr, 30 88.7 11.3 11.3
10 MgBr; 100 80.9 19.1 19.1
11 (CH3),Mg4 10 98.4 1.6 9.4 15.0 75.6 0 100
12 (CH3)>Mg 20 98.5 1.5 13.2 26.7 60.0 0 100
13 (CH3)aMg 30 98.7 1.3 16.5 31.4 52.2 0 100
14 Blank 30 99.7 0.3

@ Normalized: 100% = % cis enone + % trans enone. ® Normalized: 100% = % 1,4 addition + % 1,2-trans addition + % 1,2-cis addition +
% 1,2 reduction. ¢ Made from Dow doubly sublimed magnesium using excess CH3Br. ¢ Made from Dow doubly sublimed magnesium.

Table II, Products of the Reactions of Grignard Reagents (0.033 M) with Cis and Trans Enoue (0.0667 M) in Diethyl Ether at Room
Temperature

Starting
enone? Products®
Grignard Grade® FeCls, Enone? % % % 1,4 % 1,2- % 1,2- % 1,2
Expt reagent of Mg ppm (% purity) cis trans addn trans addn cis addn redn
1 CH3;MgBr Stork 0 Cis (99.5) 88.8 11.2 55.0 35.2 9.0 0
2 CH;MgBr GGT 0 Cis (99.2) 83.8 16.2 47.7 40.2 12.0 0
3 CH3MgBr D.S. 0 Trans (100) 0 100.0 51.4 48.6 0 0
4 CH3MgBr DS. 0 Cis (99.2) 83.1 16.7 40.9 40.2 18.9 0
S CH3MgBr D.S. 400 Cis (99.2) 73.7 26.3 48.4 44.6 6.9 0
6 CH;3;MgBr D.S. 4 000 Cis (99.2) 393 60.7 48.4 50.4 1.2 0
7 CH3MgBr DS. 40 000 Cis (99.2) 12.4 87.6 46.7 53.2 0.1 0
8 t-BuMgCl GGT 0 Cis (99.2) 6.2 93.8 10.2 26.5 3.7 59.7
9 1-BuMgCl DS. 0 Cis (99.2) 4.0 96.0 11.9 25.3 3.1 59.7
10 1-BuMgCl D.S. 40 000 Cis (99.2) 6.5 93.5 9.1 244 0.5 66.0
11 1-BuMgCl D.S. 0 Trans (100) 23 97.7 15.9 33.9 0 50.24
12 Allyl-MgBr DS. 0 Cis (99.7) 99.2 0.8 0 0.7 99.3 Trace
13 Allyl-MgBr DS. 40 000 Cis (99.6) 24.5 75.5 0 4.0 96.0 Trace
14 Allyl-MgBr D.S. 0 Trans (100) 0 100.0 0 100.0 0 Trace
15 MgBr, D.S. 0 Cis (99.7) 93.0 7.0
16 40 000 Cis (99.7) 99.7 0.3

@ GGT, Grignard grade turnings; D.S., Dow doubly sublimed magnesium. # Normalized: 100% = % cis enone + % trans enone. ¢ Normalized:
100% = % 1,4 addition + % 1,2-trans addition + % 1,2-cis addition + % 1,2 reduction. ¢ Shown to be 100% trans by GLC on TCEP.

0 ?H CH;MgBr + Ph,C=0 — Ph,COMgBr 4)
t-Bu /g t-Bu P lFeC‘* CH,
RMgX + o= rhu 2 c—c(_ R Ph,C—CPh,
H H
H Bl i BrMgO OMgBr
0 isomerization of both starting materials and products, indic-
I ative of a SET reaction. The observation made previously (eq
H /C\ (3) 3) again seems to be true; i.e., the 1,4-addition to 1,2-trans-
RMeX + c—C +Bu addition ratio is constant (30:70) even when the reaction is
AN carried out with trans enone (entry 11). However, there is never
t-Bu H really enough 1,2-cis-addition product produced to make the
?H 0 comparison as compelling in this case as in the methyl Gri-
l‘ gnard case. It is interesting to note that the addition of 40 000
H\ /C\Tt'BU H\ /L\ ppm of FeCls to the reaction of 1-BuMgCl with cis enone
—_— —( R C—CH, tBu (entry 10) results in a 6% increase in the amount of 1,2 re-
£-Bu \H R/l duction observed, reminiscent of the unusual increase in re-
¢-Bu duction product observed with acetone in the presence of
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Table III. Rate Studies of the Reactions of CH3MgBr (0.025 M) with Cis and Trans Enone (0.025 M) in Diethyl Ether at Room

Temperature
Starting? Products
Rxn enone4 % 1,2-addn % 1,2-addn
Expt Enone time, s % cis % trans % 1,4 addition trans product cis product
1 Cis? 10 99.7 0 0.02 0.2 0.01
2 Cis 29 98.2 0 0.4 0.9 0.4
3 Cis 60 97.9 0 0.7 0.7 0.7
4 Cis 120 89.2 0 4.2 3.1 3.5
S Cis 240 78.5 0 8.1 53 8.1
6 Cis 300 63.4 0 17.1 13.0 6.5
7 Cis 600 40.1 0 27.8 22.5 9.6
8 Cis 1200 22.7 0 35.6 30.2 11.5
9 Trans 10 0 519 253 23.0 0
10 Trans 34 0 22.6 41.0 36.3 0
11 Trans 60 0 16.8 43.6 39.8 0
12 Trans 120 0 6.8 47.8 453 0
13 Trans 240 0 2.0 49.7 48.4 0

@ Normalized: 100% = % cis enone + % trans enone + % 1,4 addition + % 1,2-trans addition + % 1,2-cis addition. # Blank run demonstrated

cis enone to be 99.3% cis and 0.7% trans isomer.
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Figure 1. (a) Reaction of CH3MgBr (0.0250 M) with cis enone (0.0250
M) in diethyl ether at room temperature. (b) Reaction of CH3;MgBr
(0.0250 M) with trans enone (0.0250 M) in diethyl ether at room tem-
perature.
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FeCls.!3 The increase in enone reduction product observed in
the ¢-BuMgCl case is considerably smaller than the increase
in reduction product observed in the 1-BuMgCl reaction with
acetone, especially considering the tenfold increase in FeCl;
used in the enone experiments. These data indicate that the
reaction competing with the reduction is faster (relatively) in
the enone reaction than in the reaction with acetone. It is also
interesting to note that the reaction of -BuMgCl with trans
enone (100%) yields 2.3% cis enone in the product mixture
(entry 11), indicating a cis-trans-ketyl equilibration which,
of course, lies far to the side of the trans ketyl. All of the data
concerning reaction of the cis enone with ¢~-BuMgCl lends
credence to the theory that the reaction proceeds predomi-
nantly through a SET pathway.

The reaction of allyl-MgBr with excess cis enone seems less
complicated. It produces almost all 1,2-cis-addition product
and does not significantly isomerize the remaining cis enone
starting material (Table II, entry 12). The addition of 40 000
ppm of FeCl; (entry 13) isomerizes the starting enone some-
what, but has only a small effect on the isomerization of the
1,2-addition product. This isomerization may be occurring via
a route not related to the major reaction pathway (such as B
in eq 3), after the addition of allyl-MgBr to the cis enone has
already occurred, since only the excess starting enone is af-
fected (and not the addition products). In any case, the addition
reaction is probably occurring too rapidly for the iron to have
much effect. Reaction of the allyl-MgBr with trans enone
produces only 1,2-trans addition. In no case is any 1,4 addition

observed. The allyl Grignard reaction, therefore appears to be
a straightforward case of polar addition to the enone. There
remains the possibility, however, that the reaction proceeds
by SET owing to the fact that 1,2-addition proceeds more
rapidly than the isomerization of the ketyl from cis to trans.
However, since allyl magnesium bromide reacts with benzo-
phenone only three times faster than does t-BuMgCl and the
latter shows essentially complete isomerization when allowed
to react with the enones, it is clear that the allyl Grignard re-
agent should exhibit significant isomerization when allowed
to react with the same enone if indeed SET is the reaction
pathway. Since the allyl Grignard exhibits not more than a
trace of isomerized enone or 1,2-addition product, one must
conclude that the allyl Grignard reagent most probably reacts
via a polar pathway.

It is important to note that a control experiment in which
FeCl; equivalent to 40 000 ppm used in the Grignard reactions
with cis enone was carried out (entry 16). No isomerization
of the cis enone was observed under these conditions in the
absence of Grignard reagent.

Relative Rates of Methyl Grignard Reactions with Cis and
Trans Enones. In order to help elucidate the nature of the re-
action of CH3;MgBr with cis enone, a qualitative rate com-
parison was made between the reaction of methyl Grignard
with cis vs. trans enone (Table III, Figure 1). It is readily ap-
parent that CH3MgBr reacts much more rapidly with the trans
than the cis isomer. This fact, along with a pathway involving
isomerization of the cis enone, such as path B, eq 3, would
easily explain the predominance of isomerized 1,2-addition
product. Note in Table III, entries 1-8, that, when Grignard
reagent and cis enone are allowed to react in 1:1 ratio, no iso-
merized enone was ever detected. It is apparent that the trans
enone formed by isomerization reacts with the Grignard re-
agent as soon as isomerization occurs. There is never any
chance for the trans enone to build up as in the reactions using
excess enone. This difference in rate emphasizes the point that
there are two separate pathways involved in the reaction of
CH3;MgBr with cis enone. It is possible, but not necessary, that
these pathways involve different mechanisms (e.g., 1,2-cis
addition via polar pathway; 1,4- and 1,2-trans addition via
SET).

Reaction of Other Organometallic Compounds with Cis
Enone. The reaction of MeLi with cis and trans enone (Table
IV, entries 1-4) gave much the same results as the reaction of
allyl-MgBr. The only product observed was 1,2 addition, al-
though a small amount of isomerization was observed in the
presence of FeCls. It is interesting to note (entry 4) that MeLi
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Table I'V. Products of the Reactions of Various Organolithium Compounds (0.0333 M) with Cis and Trans Enone (0.0667 M) in Diethyl
Ether at Room Temperature?

Starting
enone* Products¢
Enone? FeCls, % % % 1,4 % 1,2-addn % 1,2-addn % 1,2
Expt RM (% purity) ppm cis trans addn trans product cis product redn
1 MeLi Cis (99.5) 0 98.7 1.3 0 1.3 98.7 0
2 MeLi Cis (99.5) 40000 60.3 39.7 0 25.0 75.0 0
3 MeLi Trans (100) 0 0 100.0 0 100.0 0 0
4 MelLi Cis (87.0) 0 89.0 11.0 0 177 82.3 0
S LiCuMe; Cis (99.7) 0 0.2 99.8 100 0 0 0
6 LiCuMe, Cis (99.7) 40 000 0 100.0 100 0 0 0
7 LiCuMe, Trans (100) 0 0 100.0 100 0 0 0
8 (4MeLi + Cul)“ Cis (99.7) 0 2.2 97.8 313 10.1 58.5 0
9 (4MeLi + Cul)“ Trans (100) 0 0 100.0 40.1 59.9 0 0
10 LiCu;Mes® Cis (99.3) 0 0 100.0 100 0 0 0
11 LiCu;Mes® Trans (100) 0 0 100.0 100 0 0 0
12 t-BuLif Cis (99.3) 0 63.2 36.8 7.0 6.8 85.6 0.7
13 t-BuLi Cis (99.5) 40000 406 59.4 2.0 5.4 92.0 0.6
14 t-BuLi Trans (100) 0 3.9 96.1 46.9 51.2 0 1.9

a Reaction time, 20 min. # Normalized 100% = % cis + % trans. ¢ Normalized 100% = % 1,4 addition + % 1,2-trans addition + % 1,2-cis

addition + % 1,2 reduction. ¢ 0.013 M. ¢ 0.020 M in THF. / 0.0667 M.

reacts at a similar rate with both the cis and trans enone. In this
reaction an 87:13 mixture of cis-trans enone is converted to
an 82:18 mixture of cis-trans-1,2-addition products leaving
an 89:11 mixture of starting materials. The MeLiapparently
reacts ~1:4 times faster with the trans enone than with the cis
enone. As with the allyl Grignard reagents, the conclusion is
that the reaction of MeLi with cis enone is either polar or that
the SET reaction proceeds to products too quickly for isom-
erization of an intermediate ketyl to be observed.

The reaction of LiCuMe, with the enone (entries 5-7) shows
only 1,4-addition product and complete isomerization of the
starting enone. The reactions of LiCu,Me3!3:14 gave similar
results (entries 11 and 10). The total isomerization of the
starting cis enone is, of course, indicative of SET. The reaction
of cuprates with enones is thought to proceed through a SET
pathway. The mixture of 4 equiv of MeLi with 1 equiv of Cul
in THF has been shown to give an equilibrium mixture of
Li;CuMe; = LiCuMe,; + MeLi.!3:!4 The reaction of this re-
agent with cis enone (entry 8) gave 31% 1,4 addition and 69%
1,2 addition. Although almost all of the starting cis enone was
isomerized during the reaction, 85% of the 1,2-addition product
is cis. Under these reaction conditions, it seems that the MeLi
in the equilibrium mixture is reacting rapidly to give 1,2 ad-
dition (predominantly cis in the early stages). The Li,CuMej
and the LiCuMe,; are probably reacting more slowly but
through a SET pathway to yield 1,4-addition product and
isomerized enone. The 1,2-trans-addition product then comes
about by reaction of MeLi with the isomerized enone. These
results may also be taken to indicate that the reaction of MeLi
with cis enone to form 1,2-addition product is faster than
isomerization of the enone.

The reaction of tert-butyllithium with cis and trans enone,
provide another interesting case (entries 12-14). With excess
cis enone, tert-butyllithium gives mostly (85.6%) unisomerized
1,2-addition product (possibly indicative of polar addition).
However, this reaction also yields 1,4- (7.0%) and 1,2-trans
addition (6.8%) as well as 36.8% isomerization of the starting
cis enone. This may be more indicative of a SET reaction which
proceeds to products somewhat more rapidly than the rate of
isomerization occurs. The addition of 40 000 ppm of FeCls
causes a somewhat greater amount of isomerization of the
remaining enone, but slightly less isomerization of the products.
This probably indicates no effect of iron on the main reaction
pathway. (The iron, however, probably is involved in the
isomerization of the enone via route B, eq 3.) The significant
result, once again is seen in the reaction with trans enone. The

only products are 1,4- and 1,2-trans addition, but more im-
portantly the ratio of percent 1,4 addition to percent 1,2-trans
addition (~47:53) once again turns out to be the same starting
with either the cis or trans enone, regardless of how much
1,2-cis-addition product is produced in the reaction. In this
reaction, the observation is dramatic because 1,2-cis addition
is the predominant product in the reaction with cis enone and
is not observed at all in the reaction with trans enone. Appar-
ently (as in eq 3) again two pathways are involved: the reaction
of tert-butyllithium with cis enone to produce 1,2-cis-addition
product and the reaction of tert-butyllithium with trans enone
to produce a ~47:53 mixture of 1,4- and 1,2-trans-addition
products.

The reaction of Me;Mg with cis and trans enones gives re-
sults very similar to those observed with tert-butyllithium
(except for the effect of iron on the reaction) (Table V, entries
1-3). The reaction with cis enone gives mostly 1,2-cis addition
with a small amount of 1,4 and 1,2-trans addition. Very little
isomerization of the starting enone is observed, The same re-
action in the presence of 40 000 ppm of FeCls gives predomi-
nantly 1,4 and 1,2-trans addition, but with only ~25% isom-
erization of the remaining cis enone. This probably indicates
that Me;Mg reacts much more rapidly with the trans enone
than with the cis isomer (similar to the observation in the case
of CH3MgBr). The reaction of Me,Mg with trans enone shows
only 1,4 and 1,2-trans addition. As noted with CH3;MgBr and
tert-butyllithium, the ratio of percent 1,4 addition to 1,2-trans
addition (~49:51) remains nearly constant throughout these
reactions, in spite of the dramatic change in 1,2-cis addition
produced. Again, the suggestion is that, in the reaction with
cis enone, the 1,2-trans-addition product results from Me>Mg
addition to the trans enone after isomerization (eq 3).

The reactions of various organoaluminum and zinc com-
pounds with cis and trans enone were studied in diethyl ether
and benzene. Much less reaction was observed with these
compounds than with the corresponding magnesium com-
pounds. When Me3Al was allowed to react with cis enone for
46 h in diethyl ether (Table V, entry 4), almost no reaction
occurred; the only product observed was a trace amount of
1,2-trans addition. The same reaction with 40 000 ppm of
FeCl; added (entry 5) gave 17% reaction to yield a 15:85 ratio
of 1,4 addition to 1,2-trans addition as well as 27% isomer-
ization of the starting cis enone. It appears that Me3Al is un-
able to react with the cis enone, but, in the presence of FeCls,
some isomerization of the enone takes place. Reaction of this
isomerized enone with MesAl then leads to the mixture of 1,4
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Table V. Products of the Reactions of Organometallic Compounds (0.033 M) with Cis and Trans Enone (0.0667 M) at Room
Temperature?

Products®
Starting % 1,2- % 1,2-
enone? trans- cis-

Enone? FeCls, % % % 1,4 addn addn % 1,2 %9
Expt RM (% purity) Solvent ppm cis trans addn product product redn rxn
1 Me,Mgf Cis (99.8) Ether 0 98.9 1.1 5.0 6.5 88.5 0 100
2 MeyMge Cis (87.3) Ether 40 000 75.0 25.0 47.3 52.3 0.4 0 100
3 Me,Mge Trans (98) Ether 0 1.4 98.6 50.3 49.7 0 0 100
4 MesAl Cis (99.7) Ether 0 98.8 1.2 0 100 0 0 0.3
5 MesAl Cis (99.7) Ether 40 000 73.0 27.0 15.3 84.7 0 0 17.0
6 MesAl Trans (100) Ether 0 0 100 12.2 87.8 0 0 458
7 MesAl Trans (100) Ether 40 000 0 100 20.4 79.6 0 0 45.0
8 Me;Al Cis (75.0) Benzene 0 64.7 35.3 28.5 38.5 33.1 0 478
9 Me;sAl Cis (75.0 Benzene 40 000 36.0 64.0 41.0 46.5 12.5 0 66.0
10 MesAl Trans (98) Benzene 0 2.7 97.3 29.4 70.6 0 0 59.8
11 MesAl Trans (98) Benzene 40 000 0 100 343 65.7 0 0 76.6
12 Me,AICI Cis (75.0) Benzene 0 0 100 48.8 415 9.8 0 8.2
13 MeyAICI Cis (75.0) Benzene 40000 0 100 58.3 41.7 0 0 4.8

@ The following compounds failed to effect any changes in the starting enone (cis or trans) after 46 h in either ether or benzene in the presence
or absence of 40 000 ppm of FeCls: Me,Zn, MeZnBr, ¢-Bu,Zn. Reaction times: 46 h in ether; 44 h in benzene; 20 min for Me; Mg reactions.
b Normalized: 100% = cis enone + % trans enone. ¢ Normalized: 100% = % 1,4 addition + % 1,2-trans addition + % 1,2-cis addition + % 1,2
reduction. ¢ Based on organometallic. ¢ 0.0167 M./ 0.103 M.

and 1,2-trans addition. It is apparent by comparison of entries 0
6 and 7, however, that the rate of reaction of Me3Al with trans I
enone is not affected by the presence of FeCls. Both the reac- t-Bu ¢
tion of MesAl with trans enone in ether and the same reaction Me, Al + C=
in the presence of 40 000 ppm of FeCl; show the same amount H/ H
of reaction (45%) after 46 h at room temperature. The product OH OH
distribution is slightly affected by the FeCl;; somewhat more I
1,4 addition is seen in the presence of FeCl;. That there are two +Bu C
distinct pathways involved in this reaction (as in eq 3) is quite N 7N\ AN /
obvious, since the Me3;Al reacts with the trans enone to gen- / o / AN
erate 1,4- and 1,2-trans-addition products, but does not react H H t-Bu H
at all with the cis enone. 0

The reaction of MesAl with cis and trans enone in benzene, I
however, is a different matter entirely. When Me3Al was al- N
lowed to react with cis enone in benzene for 44 h, almost 50% + C—CH, +#Bu (5
reaction occurred (Table V, entry 8). The product mixture Me/ \
includes 28.5% 1,4 addition, 38.5% 1,2-trans addition and t-Bu
33.1% 1,2-cis addition. Some isomerization of the starting cis 0
enone was also observed. The same reaction in the presence of I
40 000 ppm of FeCls (entry 8) showed a marked increase in t-Bu /C
the amount of 1,4 addition observed, as well as an increase in c—cfi, t-Bu
the percent isomerization of both the 1,2-addition product and yd \
the starting cis-enone. It appears in this case that iron catalyzes Me Yy
the formation of 1,4-addition product possibly via a SET
pathway. The reaction of Me3Al with trans enone (entry 10) BT‘DH
in benzene gives ~60% conversion to a mixture containing 0o
29.4% 1,4 addition and 70.6% 1,2-trans addition. Addition of |
40 000 ppm of FeCl; under these conditions has little effect t-Bu /C\
on the reaction. (The percent 1,4-addition product increases Me, Al + =
by ~5% and the percent conversion increases to ~77%, but H/ \H
these changes are not so significant.) A comparison of entries 0
8 and 10, however, shows a significant change from the trend I
observed in diethyl ether. The amount of 1,4 addition observed +Bu C—t- _
in the reaction of Me3Al with cis enone and that observed in AN (/ \M AN C/ \M
the reaction with trans enone is the same when the solvent is /C= N e + / A €
benzene. The reaction with cis enone gives a mixture of cis- and H H t-Bu H
trans-1,2 addition while the reaction with trans enone gives
only trans-1,2 addition, but in each case the relative percent B) and the other leads to both cis- and trans-1,2 addition (path
1,2 addition is the same. This is not at all indicative of the  A).Itis probable that either mechanism would have toinvolve
two-pathway reaction indicated in eq 3. The data is much more ~ some intermediate ([X] or [Y]) which provides for the isom-
consistent with a mechanism involving a single pathway erization of enone. It is clear, in any event, that the mechanism
leading to all products (such as eq 5) or a pair of pathways  of this reaction in benzene is different than the one in diethyl
(such as 6) in which one pathway leads to 1,4 addition (path  ether and is different from those proposed to involve the two

(6)
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Table VI. Products of the Reactions of Organometallic Reagents (0.0333 M) with Cis and Trans Enone (0.0667 M) in the Presence of
p-DNB in Diethyl Ether at Room Temperature
Products®
% 1,2- % 1,2-
Starting enone? trans- cis-
% Rxn Enone % % % 1,4 addn addn % 1,2 %9
Expt RM p-DNB  time, min¢ (% purity) cis trans addn product  product redn rxn
1 CH3;MgBr 20 20 Cis (98.7) 96.4 3.6 44.8 37.2 17.9 0 45
2 CH;MgBr 20 3h Cis (98.7) 95.3 4.7 473 38.6 14.0 0 41
3 CH;3;MgBr 20 19h Cis (98.7) 93.9 6.1 48.2 40.6 11.2 0 56
4 CH;3;MgBr 30 20 Cis (99.3) 100 0.04 16.1 13.3 70.6 0 42
S CH;MgBr 100 20 Cis (99.2) 98.7 1.3 Trace Trace Trace 0 0.1
6 1-BuMgCl S 20 Cis (98.7) 35 965 13.7 14.0 1.3 71.1 60
7 1-BuMgCl 20 20 Cis (87.3) 84.2 15.8 0 0 0 0.2 0.2
8 t-BuMgCl 100 20 Cis (87.3) 86.0 14.0 0 0 0 0 0
9 Allyl-MgBr 20 20 Cis (99.6) 97.9 2.1 0 2.5 97.5 Trace 100
10 Allyl-MgBr 100 20 Cis (99.6) 98.0 2.0 0 2.4 97.6 Trace 100
11 LiCuMe, 20 15 Trans (100) 0 100 100 0 0 0 7.1
12 LiCuMe, 100 15 Trans (100) 0 100 100 0 0 0 40

2 Normalized % cis enone + % trans enone = 100%. ® Normalized % 1,4 addition + % 1,2-trans addition + % 1,2-cis addition + % 1,2 reduction

= 100%. ° Except as noted. ¢ Based on organometallic reagent.

pathways depicted in eq 3. It is difficult to make any statements
concerning the polar or SET nature of these reactions in ether
or in benzene based on these data. However, in ether it appears
as if the reaction is proceeding by a polar pathway (results
similar to those of CH3;MgBr in ether), whereas in benzene it
appears as if the reaction is SET in nature or SET in con-
junction with a polar pathway.

The reaction of Me,AlIC] with cis enone for 44 h in benzene
gives only 8% conversion to a mixture containing 48.8% 1,4
addition, 41.5% 1,2-trans addition, and 9.8% 1,2-cis addition.
All of the enone that remains, however, is isomerized to the
trans isomer. The same reaction in the presence of 40 000 ppm
of FeCls yields 5% conversion to a mixture that is 58.3% 1,4-
addition product and 41.7% 1,2-trans-addition product. The
reagents Me,Zn, MeZnBr, and ¢-Bu,Zn all failed to give any
reaction with either cis or trans enone in the presence or ab-
sence of 40 000 ppm of FeClj; after 44 h of contact in benzene
or 46 h of contact in diethyl ether at room temperature. The
starting material was not isomerized in any of these reactions.
The lack of reactivity of these reagents makes conclusions
somewhat hazardous; however, comparison of the results of
experiments 4 and 12 tend to indicate that Me,AlCl is reacting
with enone by a SET pathway.

Effect of p-DNB on Enone Reactions. The reaction of
CH;MgBr with cis enone in the presence of 20% p-DNB

(Table VI, entry 1) shows about the same product mixture as
the reaction in the absence of p-DNB (Table II, entry 4),
however, without the isomerization of the starting cis enone
observed in that reaction. This is the best single piece of data
supporting the case for a SET mechanism for the reaction of
CH3;MgBr with ketones. If the p-DNB is indeed able to
eliminate isomerization of the cis enone by removing an elec-
tron at a faster rate than cis- to trans-ketyl isomerization (see
eq 2), the isomerized addition products could then come about
only through a SET process in the product formation step of
the mechanism. It is possible that the p-DNB intercepts the
“free” ketyl radical anion, and yet is unable to intercept a
bound radical anion-radical cation pair. It appears, then, that
isomerization of the starting cis enone is occurring exclusively
through a process involving the free ketyl, a process that could
be stopped by p-DNB in the reactions. SET formation of
radical anion-radical cation pairs involving Grignard reagent
and enone which would presumably be unaffected by the
p-DNB could then collapse to form the observed addition.
products.

It is more likely, however, that the Grignard reaction with
the enone involves the two pathways postulated in eq 3. It is
likely that the isomerization step (path B) involves SET to give
the “free” ketyl and that p-DNB reverses this step by inter-
ception of the ketyl radical anion to regenerate the cis enone

ﬁ ?MgX 0
|
t-Bu C t-Bu t-Bu C
RMgX + c=C By —> = By 222, C=—cC Bu + »DNB -
g H/ \H t-Bu P c< t-B P N t-Bu + p-DNB
H H H H
lSET + R-
0~ - 0~
o oo .
-bu -bu
.\\ ¥
[RMgX]™ c=c/ t-Bu | + [RMgX]™ \c—c/ \t-Bu + [RMgX]™ c=c/ \t-Bu (7
N VAREERN AN
H H H H ¢+Bu H
HzOl Hzol Hzol
OH 0 H
t-B (II———t-B B g H E—tB
N N N /N N2 N
/c= S /C—CH.Z t-Bu /c= S R
H H R }II t-Bu H
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in the presence of 30% p-DNB (Table VI, entry 4). This shows
that the more p-DNB present in the reaction, the less isom-
erization occurs. While this result is not irreconcilably in-
consistent with the mechanism proposed in eq 7, it certainly
seems to be more consistent with the pathway proposed in eq
3. The role of the p-DNB apparently is only to inhibit isom-
erization of the cis enone. It appears, from the trend observed
in Table VI (entries 1 and 4) that, in the (hypothetical) reac-
tion of CH3;MgBr with cis enone where enough p-DNB has
been added such that no isomerization of the enone would
occur, the only product would be 1,2-cis addition. Unfortu-
nately, it is impossible to test this hypothesis (other than by
extrapolation of these results) because larger concentrations
of p-DNB destroy ail of the CH3;MgBr in a side reaction and
no reaction with the cis enone is observed. This trend, however,
does seem to enhance the argument that the reaction of methyl
Grignard reagents with ketones proceeds (at least predomi-
nantly) through a polar mechanism (in the absence of transi-
tion metal impurities). The alternative argument that the
1,2-cis-addition product is the result of addition to the cis enone
via a SET pathway too rapid for the reaction to be “short cir-
cuited” by the p-DNB is not refutable, however,

Table VI (entries 6-8) shows that the reaction of t-BuMgCl
with cis enone is not significantly affected by p-DNB, except
for the destruction of the Grignard reagent in a side reaction
which renders it useless for reactions with the enone. Allyl-
MgBr reactions with cis enone (entries 9 and 10) are entirely
unaffected by p-DNB. Presumably this Grignard reagent
reacts with the ketone faster than it does with the p-DNB. This,
in itself, points to a polar reaction pathway, since the reduction
potential of p-DNB is much lower than that of cis enone and
a SET reaction would be expected to occur predominantly with
the substrate of lower reduction potential. The reactions of
LiMe,Cu with trans enone in the presence of p-DNB (entries
11 and 12) like those of t-BuMgCl are only affected to the
extent that the cuprate reacts with the p-DNB in a side reac-
tion which prevents addition to the enone.

Conclusion

In spite of certain difficulties, it has been possible to use
cis-2,2,6,6-tetramethylhept-4-en-3-one as a probe to gain in-
sight into the nature of Grignard reactions with ketones.

Almost all of the organometallic reagents tested isomerized
the cis enone at least to some extent. It seems likely that in most
cases this is due to the production of an intermediate (likely
a reduced transition metal species) which is capable of electron
transfer to the enone. As in the reaction of CH;MgBr with
benzophenones, !0 it is likely that this is a side reaction and not
the main reaction pathway.

It seems apparent that tert-butylmagnesium chloride reacts
with cis and trans enones at least predominantly via a SET
pathway. Almost complete isomerization of both excess
starting materials and products are observed in reactions with
cis enone. Equally convincing is the observation of small
amounts of cis enone produced in the reaction of t-BuMgCl
with excess trans enone. This indicates that an equilibrium
amount of cis ketyl was produced in the reaction. The reaction
of t-BuMgCl with trace amounts of FeCl; apparently produces
an iron hydride species (previously described)!© which is ca-
pable of reducing the enone. This reduction pathway is slow,
however, compared with the normal zert-butyl Grignard ad-
dition reaction with the enone.

The reactions of allyl Grignard reagents with these enones
are very rapid and give indications of only a polar mechanism.
Cis enone reacts with allyl-MgBr to give only cis-1,2 addition
and trans enone reacts to give only trans-1,2 addition. A SET
pathway in which the addition step is much more rapid than
the rate of isomerization is also a possibility; however, con-
sideration of all of the evidence available indicates that the
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reaction is polar in nature. The reaction of allyl-MgBr with
enone is not affected by the addition of FeCls, This is a good
indication that polar and SET pathways are not competing in
this case.

The reactions of methyl Grignard reagents with cis and trans
enone are not as easily interpreted in terms of the nature of the
alkyl transfer. They show some characteristic of both polar and
SET reactions. The main complicating factor is that the re-
action of CH3;MgBr with FeCls (or other transition metal
impurities, even in trace amounts) produces a species which
is capable of SET to ketones by an apparently catalytic process
involving the Grignard reagent. This SET leads to isomer-
ization of the cis enone. Although Grignard reagents have been
shown to react with p-dinitrobenzene, small amounts of
p-DNB have been demonstrated to be capable of inhibiting the
formation of free ketyls in solutions.!! Methyl Grignard re-
actions with cis enone show significantly reduced amounts of
isomerization. Trends in these data seem to indicate that the
reaction of methyl Grignard reagents with cis and trans enone
is polar. As has been previously indicated, a SET reaction
followed rapidly by collapse to give addition products cannot
be completely ruled out.

Methyllithium reacts much like allyl-MgBr, apparently via
a polar pathway. The reaction of ¢is enone with MeLi yields
only cis-1,2-addition product. Lithium alkyl cuprates appar-
ently react predominantly via SET to give exclusively 1,4-
addition products and almost complete isomerization of the
starting cis enone. These observations make the reagent ob-
tained by mixing 4 equiv of MeLi with 1 equiv of Cul (Li,-
CuMe; = LiCuMe; + MeLi) very interesting indeed. This
combines a SET and a polar reagent in the same mixture and
the product analysis bears the appearance of both, apparently
reacting at relatively similar rates (MeLi reacts only about
twice as fast as cuprate according to the 1,2- to 1,4-addition
ratio). It is apparent from these results that the reaction of
MeLi with cis enone is faster than isomerization of the enone,
The reaction of tert-butyllithium with cis enone may be an
example of a SET reaction which proceeds to products at a rate
somewhat more rapidly than the rate of isomerization of cis
to trans ketyl, but not so much more rapidly that no isomer-
ization occurs. The reaction of Me,Mg with cis enone may also
fit into this category.

Although the reactions of ¢is and trans enone with organo-
zinc and organoaluminum reagents were inconclusive from a
mechanistic point of view, they led to the observation that
many organometallic reagents react much more rapidly with
the trans enone than with the cis isomer. This point has un-
doubtedly caused much of the confusion in interpretation of
the Grignard reactions with cis enone (especially in the case
of CH3MgBr).

It appears, at least in ether solvent, that reactions leading
to 1,4-addition products come about only by attack of the re-
agent upon the trans isomer of the enone. It seems apparent,
in the cases of Me,Mg, t-BuLi, MesAl, and CH3;MgBr, that
1,4 and 1,2-trans addition come about via one pathway and
that 1,2-cis addition comes about through another. The logical
explanation is that the 1,4- and 1,2-trans-addition products
come about via attack of the reagent upon the trans enone and
that 1,2-cis addition comes about via attack on the cis enone.
It is further possible that 1,2-cis addition is the result of polar
attack on the enone and that 1,4 and 1,2-trans addition are the
result of SET reaction. The latter does not appear to be the case
since the 1,4- to 1,2-trans-addition product ratio for reaction
with cis enone is the same as that for the reactions with trans
enone in spite of the presence or absence of ¢is-addition prod-
uct. One could expect that polar addition to the trans enone
would give an amount of 1,2-trans-addition product equal to
that amount of 1,2-cis-addition product observed in the case
of addition to the cis enone. This would, of course, change the
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observed ratio of 1,4- to 1,2-trans-addition product since some
of the 1,2-trans product would come about through each
mechanism. It seems likely that there is some other reason,
probably steric in nature, to explain why 1,4 addition comes
about only by attack of the reagent upon the trans enone.
Further investigations into the implication of this conclusion
are being presently conducted in our laboratories.

Experimental Section

Materials. Solvents. Fisher reagent grade anhydrous diethyl ether
was stored over sodium and then distilled under nitrogen from LiAlH4
and/or sodium benzophenone ketyl just prior to use. Fisher reagent
grade tetrahydrofuran (THF), benzene, and toluene were dried over
NaAlH4 and distilled under nitrogen just prior to use.

Alkyl Halides. Methyl bromide (Matheson 99.5% purity) was dried
and purified by passing through a 30-cm tube of NaOH pellets and
then through a 70-cm tube of Linde 4A Molecular Sieve. Fisher re-
agent grade rert-butyl chloride and allyl bromide were distilled
through an 18-inch glass-helix-packed column.

Transition Metals. FeCl; (Fisher sublimed) was opened only in the
glove box and used without further purification.

Organometallic Compounds. Grignard reagent solutions were
prepared as previously described.? Grignard reagents were analyzed
by hydrolyzing an aliquot with distilled water, adding excess standard
H,S0,, and back-titrating with standard NaOH to a phenolphthalein
end point. Magnesium was determined by titrating hydrolyzed sam-
ples with standard EDTA solution at pH 10 using Eriochrome Black
T as an indicator. In some cases halide was determined by titration
with AgNOj3 and back-titration by KCNS with ferric alum indicator.
In some cases the amount of active C-Mg was determined by titrating
active Grignard reagent with dry 2-butanol in xylene using 2,2’-bi-
quinoline as an indicator. In those cases where all four types of analysis
were carried out, the ratio halide:C-Mg:Mg:total base was within 3%
of 1.0:1.0:1.0:1.0. Lithcoa tert-butyllithium was analyzed by standard
Gilman double-titration method. Methyllithium, LiCuMe,, Li-
Cu,Mes, (LixCuMe = LiCuMe; + MeLi), and LiCu(z-Bu); were
prepared as described elsewhere!314 and were stored at —78 °C prior
to use.

Others. The preparation of 3-methyl-cis-2,2,6,6-tetramethyl-
hept-4-en-3-ol, 3-methyl-trans-2,2,6,6-tetramethylhept-4-en-3-ol,
5-methyl-2,2,6,6-tetramethyl-3-heptanone, and c¢is- and trans-
2,2,6,6-tetramethylhept-4-en-3-ol has been previously described.!213
Eastman highest purity p-dinitrobenzene was used without further
purification,

Preparations. Ketones. trans-2,2,6,6-Tetramethylhept-4-en-3-one
(trans enone) was prepared as previously described,!?

cis-2,2,6,6-Tetramethylhept-4-en-3-one (Cls Enone). A solution of
11.19 g (66.6 mmol) of trans enone in 250 ml of hexane was photo-
lyzed for 2 h with a high-intensity lamp using a quartz filter. The so-
lution (449% cis) was cooled to =78 °C for 2 h and then filtered. The
solid (trans enone) was recycled for further photolysis. The hexane
was removed under vacuum and the mixture (72% cis) was further
purified by preparative GLC. The product obtained was generally
>99% pure by GLC. Upon standing the cis enone slowly isomerized
so fresh batches were prepared regularly. NMR (CDCl;, Me,Si); 18
H singlet at 6 1.12, 2 H vinylic ab multiplet centered on 5.97 (Jap =
12 Hz).

Solutions of these ketones were stored in a glove box and shielded
from light prior to use.

Miscellaneous. 3-tert-Butyl-trans-2,2,6,6-tetramethylhept-4-
en-3-o0l. To 5.0 mmol of trans enone in 12.5 mL of ether at =78 °C
was added 7.0 mmol of ¢-BuLi in solution and the mixture was then
reacted at =25 °C for 7 h. After hydrolysis with saturated
NH4Cl/H;0, GLC showed a mixture which was subsequently sep-
arated and identified by preparative GLC and NMR and mass
spectroscopy. The products were 1,2-reduction, trans-1,2-addition,
and 1,4-addition products. The latter two products predominated.
(They have retention times close enough together to make preparative
GLC difficult, but the ketone can be moved away by further reaction
of the mixture with allylmagnesium bromide.) The trans-1,2-addition
product was characterized: NMR (CHCl3, Me4Si) 27 H singlet at
1.03, 1 H broad singlet at 1.57, 2 H vinylic ab pattern centered on 5.60
(Jab = 16 Hz); IR (neat, film) peaks at 3610 (-OH), 3010 (==CH),
2960 (-CH), 1692 (C=C), 1477, 1390, 1365 (CH and -CH; bend-
ing), 972 cm~! (trans-CH==CH); mass spectrum, weak molecular

3109

ion peak at m/e 226, M — L peak at 225, and abundant fragments at
169, 154, 111, 95, 83, 69, 57, 55, 43, 41, and 29, metastable at 135;
bp 61-63 °C (0.2 mm); n25p 1.4583. Anal. Caled for CysH300: C,
79.58; H, 13.36. Found: C, 79.56; H, 13.34.
3-tert-Butyl-cis-2,2,6,6-tetramethylhept-4-en-3-ol. To 5.0 mmol
of cis enone in 12,5 mL of ether at =78 °C was added 7.0 mmol of
t-BuLiin 3.5 mL of hexane. The mixture was reacted for 7 hat =25
°C and then hydrolyzed with saturated NH4Cl/H>0. GLC of the
crude product showed a mixture which was subsequently separated
and identified by preparative GLC, and NMR and mass spectroscopy.
The products were 1,2-reduction, trans-1,2-addition, 1,4-addition,
and cis-1,2-addition products. The latter product predominated. The
cis-1,2-addition product was characterized: NMR (CDCl3, Me4Si)
18 H singlet at 6 1.08,9 H singlet at 1.18, 1 H broad singlet at 1.67,
2 H vinylic pattern at 5.38; IR (neat, film) peaks at 3635 (-OH), 3010
(=CH), 2960 (-CH), 1665 (C=C), 1482, 1373 (-CH and —-CH3
bending) 725 cm~! (¢is-CH==CH); mass spectrum, weak molecular
ion peak at m/e 226, M — 1 peak at 225, and abundant fragments at
169, 151, 111,95, 83, 69, 58, 55, 43, 41, and 28, metastable at 135;
bp 74 °C (0.2 mm); #2°p 1.4701. Anal. Caled for CysH300: C, 79.58;
H, 13.36. Found: C, 79.73; H, 13.27.
5-tert-Butyl-2,2,6,6-tetramethyl-3-heptanone. To 10.0 mmol of
LiCu(z-Bu), in 5 mL of hexane, 2.5 mL of ether, and 35 mL of Me,Si
at =78 °C was added 5.0 mmol of trans enone in 12.5 mL of ether.
The mixture was reacted at =55 °C for 2 h, stored at —78 °C for 16
h, and then placed in a =55 °C bath which was allowed to slowly warm
to room temperature (3 h). After hydrolysis (with saturated
NH4CI/H,0), the layers were separated and the ether was removed.
GLC of the crude product showed a mixture which was subsequently
separated and identified by preparative GLC and NMR and mass
spectroscopy. The products were 1,2-reduction, 1,2-addition, dimer
(probably at the 5 position), and 1,4-addition products. The latter
product predominated. The 1,4-addition product was characterized:
NMR (CDCls, MesSi) 18 H singlet at 6 0.95, 9 H singlet at 1.18, 1
H multiplet at 2.17, 2 H doublet at 2.48; IR (neat, film) peaks at 2965,
1482, 1370 (various C-H vibrations), and 1714 cm~! (C=0); mass
spectrum, molecular ion peak at m/e 226, with abundant fragments
at 169,113, 85,71, 57,43, 41, and 29; bp 57-59 °C (0.1 mm); n?5p
1.5409. Anal. Calcd for C;5sH300: C, 79.58; H, 13.36. Found: C,
79.53; H, 13.37.
3-Allyl-cis-2,2,6,6-tetramethylhept-4-en-3-ol. To 2.9 mmol of cis
enone in 36 mL of ether was added 12.0 mmol of allylmagnesium
bromide in 14 mL of ether. After 6 h the reaction was hydrolyzed with
NH4C1/H>0. The ether was dried and removed. GLC of the crude
reaction mixture showed it to be ~2% rrans-1,2-addition, 1% 1,2-
reduction, and 97% cis-1,2-addition products. The cis-1,2-addition
product was purified by preparative GLC and characterized: NMR
(CDCl;, MegSi) 9 H singlet at 6 0.98, 9 H singlet at 1.12, 1 H broad
singlet at 1.68, 2 H multiplet at 2.27, 2 H vinylic ab pattern (J,p =
7 Hz) centered on 5.12 with an overlapping 3 H vinylic pattern cen-
tered on 5.0; IR (neat, film) peaks at 3570 (-OH), 3080, 3010
(=CH), 2960 (-CH), 1640 (C==C), 1475, 1385, 1363 (-CH and
—CH3; bending), 997, 912 (-CH==CH3), 754 cm~! (cis-CH==CH));
mass spectrum, very weak molecular ion peak at m/e 210 as well as
weak peaks at 195, 192, and 177 corresponding to loss of CH3, H»O,
and both, abundant fragments at 169, 153, 83, 69, 57, 55, 43, 41, and
29; bp 68-70°C (0.15 mm); n25p 1.4645. Anal. Calcd for C 4H»60;
C, 79.94; H, 12.46. Found: C, 79.85; H, 12.48.
3-Allyl-trans-2,2,6,6-tetramethylhept-4-en-3-o0l. To 33.0 mmol of
trans enone in 250 mL of ether was added 86.0 mmol of allylmag-
nesium bromide in 100 mL of ether. After 10 h the reaction was hy-
drolyzed with NH4CI/H,O. The ether was dried and removed. GLC
of the crude mixture showed it to be ~2% 1,2-reduction and 98%
trans-1,2-addition products. The trans-1,2-addition product was pu-
rified by preparative GLC and characterized: NMR (CDCl3, Me4Si)
9 Hsinglet at 6 0.90, 9 H singlet at 1.05, 1 H broad singlet at 1.58, 2
H multiplet at 2.33, 2 H vinylic ab pattern (J.p = 12.5 Hz) centered
on 5.47 with an overlapping 3 H vinylic pattern centered on 5.0; IR
(neat, film) peaks at 3575 (-OH), 3087, 3025 (=CH), 2968 (-CH),
1642 (C==C), 14801395, 1368 (-CH and -CHj bending), 1012, 925
(-CH==CH3), 990 cm™! (rrans-CH=CH); mass spectrum, very
weak molecular ion peak at m/e 210 as well as weak peaks at 195, 192,
177 corresponding to loss of CH3, H20, and both, abundant fragments
at 169, 153,111, 83,69, 57, 55, 43,41, and 29; bp 54-56 °C (0.2 mm);
n?5p 1.4514. Anal. Calcd for C14H»60: C, 79.94; H, 12.46. Found:
C, 79.82; H, 12.44.
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1-(2,4-Dimethylphenyl)-1-phenylethanol. To a solution of 0.325 g
(1.15 mmol) of 2,4-dimethylbenzophenone in 10 mL of ether was
added 2.86 mmol of CH3MgBr in 2.6 mL of ether. After 7 h the re-
action was hydrolyzed with saturated NH4Cl/H>0. The mixture was
dried and the ether was removed. The product was shown to be >95%
pure by NMR spectroscopy (CDCl3, MeySi): 8 H multiplet at § 6.8
to 7.7, 3 H singlet at 1.83, 3 H singlet at 1.93, 3 H singlet at 2.28, |
H singlet at 2.20.

1-(2,5-Dimethylphenyl)-1-phenylethanol. To a solution of 0.0541
£ (0.259 mmol) of 2,5-dimethylbenzophenone in 10 mL of ether was
added 0.465 mmol of CH3;MgBr in 0.20 mL of ether. After 4 h the
reaction was hydrolyzed with saturated NH4Cl/H,O. The mixture
was dried and the ether removed. The product was shown to be >95%
pure by NMR spectroscopy (CDCl3, MesSi: 8 H multiplet at 6
7.0-7.6, two 3 H singlets close together at 1.88 and 1.90, 3 H singlet
at 2.38, | H broad singlet at 2.17.

Methods. Apparatus and Procedure. A Varian A-60D, 60-MHz
spectrometer was used for recording nuclear magnetic resonance
spectra. GLC analyses were carried out on F & M Models 700 and
720 gas chromatographs. Materials used in this study were transferred
in a glove box described elsewhere!® or in Schlenk tubes under a
blanket of nitrogen.

Calibrated syringes equipped with stainless steel needles were used
for transfer of reagents. Ketone and metal salt solutions were prepared
by weighing the reagent in a tared volumetric flask and diluting with
the appropriate solvent. All metal solutions were used within 24 h of
preparation.

Reactions in General. Glassware and syringes were flamed and
taken into a glove box under vacuum. The appropriate amounts of
solvent and ketone solutions were syringed into a septum capped test
tube. An appropriate amount of Grignard solution was added with
swirling. In these cases in which the reaction was carried out in the
presence of an iron salt, the salt was added immediately prior to ad-
dition of the Grignard reagent. In general, these reactions used 0.10
mmol of enone and 0.05 mmol of organometallic reagent in 1.5 mL
of ether. The rate studies used 0.05 mmol of enone and 0.05 mmol of
Grignard reagent in 2.0 mL of ether. After an appropriate reaction
time, usually 20 min, the reactions were hydrolyzed with 50 mL of
saturated NH4Cl solution and dried over MgSQO,.

The identification of all the products from the reactions with cis
and trans enone was determined by GLC on a 12-ft 20% Carbowax
20M column at 125 °C: injection port temperature, 180 °C; detector
temperature, 240 °C; and helium flow rate, 80 mL /min were generally
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used. Retention times varied with conditions, but typically were as
follows: dodecane, 10.3, cis enone, 12.6, trans enone, 14.9, methyl
1,4-addition product, 17.4, methyl trans-1,2-addition product, 19.7,
cis- and trans-1,2-reduction product, 24.8, allyl trans-1,2-addition
product, 34.0, allyl cis-1,2-addition product, 50.8, rerz-butyl trans-
1,2-addition product, 38.9, tert-butyl 1,4-addition product, 42.9,
tert-butyl cis- 1,2-addition product, 68.6 min. Dodecane was employed
as internal standard and relative response factors were determined
regularly. In some cases cis- and trans-1,2-reduction products were
separated on a 12-ft 109% TCEP column at 115 °C, but generally they
were analyzed together and identified as *‘1,2-reduction products™.

In general, these reactions had essentially 100% material bal-
ances.
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Abstract: The reactivity of 1,5-dicarbomethoxy-3-oxaquadricyclanes toward different catalysts has been found to vary strong-
ly with the type of catalyst used. The various reactions initiate at different sites in the substrates: CCl3COOH reacts at a cyclo-
propyl ring atom with inversion of configuration; Rh2(CO)4Cl; reacts preferentially as a Lewis acid at the C-O-C fragment;
to a minor extent oxidative addition of a cyclopropyl ring to the rhodium(1) complex occurs as in the case of the Pd(C¢HsCN),-
Cl; catalyzed reaction; a kinetic analysis shows that the AgClQOy4 catalyzed reaction initiates at two sites (at the C-O-C frag-
ment and at a cyclopropyl ring), both leading to the same reaction product. Compound 1b reacts much faster than 1a in the
thermal and CCI3COOH catalyzed reactions in contrast to the metal catalyzed processes.

Introduction

For more than a decade there has been much interest in
the interconversion between two ethylene units and a cyclo-
butane unit catalyzed by transition metal complexes. In 1964
the first report on olefin disproportionation (metathesis) ap-
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peared (the conversion of propylene into ethylene and 2-butene
over a molybdenum hexacarbonyl-alumina catalyst)! and in
1967 the valence isomerization of quadricyclane into norbor-
nadiene was reported? (Scheme I).

Much experimental and theoretical work has been carried
out, as a result of which the original idea of a common under-
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