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PART I. A STUDY OF STERIC.APPROACH CONTROL
| VERSUS

PRODUCT DEVELOPMENT CONTROL

Thé C§ncépt of "prodﬁct development control® has beenIUSed.ﬁ§
expléin the stereochemistry of many reactions in which the observed
isomer ratio reflects the stability of the product. This concept has
been used particularly to.explain predoﬁnant formation of the most
stable isomer in reactions of LiAlH and MhHgBr with substituted cyclo-

A
 hexanones. A study of the reaction of LiAlH4 and MeMgBr with 7-norbor-
nanone and its 55272-ﬁethyl and ggggfzﬂnethyl derivatives shows that
the most unstable isomer is formed exclusively and hence "product
’development control"” is not a factor in these reactions. In an attempt
to broaden the scope of this study,‘three'series of'reagénts'wére
studied: (1) LiBH,, LiALH, and LiGaH,, (2) BH,, AlH, |
Be, (CH3)2Zn, (CH3)2Mg and (CH3)3A1. In no case’was "product

and GaHB,.and 3)
(cHy),
development control" observed. The reactions with the 7-ﬁorbornanone

system are similar in nature to.those with cyclohexanones,_except that
the complicating féctors df toréional strain, compression effecﬁs and‘
conformational changes which are preéent in cyclohexanoné systems are

not present in the 7-norbornanone system The concept of "product -

development control" is, therefore, a questionable one in ketone reduc-

tions involving LiAlH4 and alkylations involving MeMgBr.
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PART II. HYDROMETALLATION OF ALKENES AND ALKYNES

CATALYZED BY IRANSITION METAI, HALIDES

We have found that bis-dialkylaminoalénes,VHAl(NR 29 when allowed

9)
to react with alkenes or alkynes in the presence of a catalytic amount of
Cp2T1C12 provide'high yields of deuterated or iodinated hydrocarbdns when

the reaction mixtures are quenched with D_O or a benzene solution of

2
iodine. Ihesé hydrémetéllated.species’were also allowed to react with
carbonyl compounds (e.g. benzaldehyde); however, the normal addition
products were prbduced in very low yields. Instead, associated tertiary

amines (PhCHE NRZ) were produced in substantial amounts,” Our investiga- .

2
‘tions also included other catalytic hydroﬁé;éliation'reactions of alkenes
and alkynes with simple and complex metal hydrides., By using szTiCl2

NaAlH

as a catalyst with LiAl1H Vitridg, LiAl(NEt2)2H2 and NaAl(NEt

4? 42 2
NaAl(NEté)ZHZ, quantitative yieldsbof deuterated productg were °§tained '
which in some cases were é‘diSfinct improvement ﬁﬁer previous literature
reports. Stoichiometric reactions of LiH—VCla.with ketones, aldehydés
Or enones wéré also investigated;. Similar reactiéns with aikynes daid nbt
take place;_héwevér, with alkenes, the reactions'produced alkanes al-
though only a small amount of deﬁterium incorporation was observed when-
tﬁe reaction was quenched with D,0.

t A‘stereochemical'study involving fhe redudtion of cyélic ketones
.‘with HéotCO); was aléd>undertéken.‘ ﬁﬁfortuﬁétely; the reactions were so

slow that only small amounts of the corresponding alcohols (equal ratios

of axial and equatorial alcohols)'were produced.
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A preliminary investigation of carbonyiﬁfibn of simple and complex
metal hydrides.in the presence of transition metal halide catalysts was
also conducted. During this study no alcoheol or formate'proéucts were

observed.

PART III, REACTIONS OF MAGNESIUM HYDRIDE: .
STEREOSELECTIVE REDUCTION OF CYCLIC AND

BICYCLIC KETONES BY LITHIUM ALKOXYMAGNESIUM HYDRIDES

. A series of lithium alkoxymagnesium hydfidgs,wLngHz(OR), were
prépared and allowed to reduce.Afgfbutylcycidhexanohe (1), 3,3,5-trimethyl-
cyclohexanone (II);’2—methylcyclohexanoné (III) and camphor (IV). It was
‘found that very bulky secondary cyclic'alkoxy groups such as.2;2,6,6—tetfa—
methyl- or benzylcyclohexoxy were Very stereoselective in the reduction
of these ketones. For example, L1MgH ( ) reduced ketone (I) to pro-
vide 89% of the axial alcohol compared to HMgO€§:> which provided 837
of the axial alcohol.

The L:Ll\‘IgH(OR)2 wﬁen R = Q or @ reagents were also foﬁnd to
reduce ketones (I), (ITI), (IIIj and (IV) stereoselectively but té a lesser

extent and with more enolization than observed for the LngHZ(OR) Teagents.
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PART IV : CONCERNING SALT EFFECTS ON THE STEREOSELECTIVITY OF
VORQANOMETALLIC COMPQUND ADDITION TO KETONES

The reaction of 4—Efbutylcyclohexanone with methyllithiumNin~the |
presence of LiClO4 reéulted in theNformation of the,gorre3ponding axial_
alcohol iﬁ 927 yield. This was a very unusual steréocﬁemiéai observation
~in that only Gsz'of the axial alcohol was fOrme& in the absence of LiClO,.
This result was attribute& to qomplexation'of the kéténe by LiClO4
follpwed'by the addition of CH3Li to the carbonyl group rather than by
addition of a CH3Li-LiClO4 complex &irectly to thé uncomplexed ketone.
To complete a more detailed investigation of this unusual reSult; other
- salts and ketones were studied in é'gﬁmilar manner. In addition to
CH3Li, (CH3)2Mg and (CHé)sAl were also allowed to react with 4-t-butyl-
cyclohexaﬁong in the presence of equalmolar ratios of varibué salts were
studied to exam the effect on the stereochemistry of the alcohol products.

It was shown that of all the salts tested, LiC1l0, had the greatest

4

effect towards increased stereoselectivity of CH,Li reagents.. The other

3
RLi reagents, Erbutyllithimm and phenyllithiﬂm, did not show as great an
effect: Alsp, (CH3)2Mg and (CH3)3A1 showed very little increased stereo-

selectivity when allowed to react with ketones in the presence of metal

salts.
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PART V: ALKYLATIONS OF ENONES AND KETONES USING
SUBSTITUTED ALKYLALUMINUM COM?OUNDS
 Earlier wdrkers-in.this group have shown that‘HzAlI provided'lOOZ
of the l,4-conjugate addiﬁionvprpduct when allowed to react with enones.
The possibility qf ﬁsing RnA1X3_nicbmp6und§-to'promdte thé nbn—cataleed
1,4—conjugaté addition to enones under conéistent conditions was étudied.
It was shown that for thé enone réactiOns, the reagent Which prodﬁced
the greatest.amouht:of 154—conjﬁgate adaition_prdduct without the presence
of a catalyst was R2A11; howgver,.the vield was low.

A systematic study couoefning these comppunds towards the alky-
létion of model ketone gyétems in order to:find an effecﬁive stereo=-
selectivity reagent was also_investigétéd)v ItAwas observed once agéin
that the most stereoéeleqtivity reagent was R,ALT, but’the:reaction was

.extremely.slow. Therefore, it can be concluded tha£ the use of fhese
reagents to effect l,4aconjugate addition of enones or stereoselectivity'

addition to ketones is impractical.



PART I
A STUDY OF STERIC APPROACH CONTROL
VERSUS

PRODUCT DEVELOPMENT CONIROL



CHAPTER I

INTRODUCT ION

. Background
In recent years the area of stereoselective reduction and .alkyla~-
tion of ketones by metal hydrides and alkyls has received considerable

attention.™’

All mechanisms concerning the stefeoselective addition or
~reduction.of keténes assume that the entering group approaches the car-
bonyl carbon's w* orbital on a plane perpendicular to the plane of the
carbonyl group so that maximum orbital overlap.is achieved in the transi-
" tion state. Dauben and co—workers3 coined the terms '"'steric approach
control" and product development controi" and suggested that these factors
are important in determining the stereochemistry of LiAlH4 reduction of
cyclohexanones. "Steric approach control" implies an early, reactaﬁt-like
transition state in which the entering group aﬁproaches the least hindered
side of the ketone whereas "product development control" implies a late,
product—iike transition state in which the observed isomer ratio reflects
the thermodynamic st'abiiity of the product.

The concept of "steric approach control" is generally agreed to be
valid since certainly the ability of one molecule to approach another
must depend to some extent on the steric requirements of the molecules

involved. However, the concept of "product development control' has

been questioned by Eliel and co—workefs4_7 on the basis of competitive

4

have shbwn that an axial methyl group in the 3 and/or 5 position retards

rate studies involving LiAlH, and 3,3,5—trimethylcycléhexanone. .They



the rate of axial attack compated to 4452£tfbutylcyclohexanone, whereas
the rate of equatorial attack remains essentially the same.' This ob-
servation is not consistent with that predlcted by "product development
control" in that an axial methyl SLbStltuent would be expected to retard
equatorial attack. |

As an alternative to "product development control", Cherest and

“8-lleand we have

Felkin introduced the concept of "torsional strain
developed the concept of "compression effect" to explain the unusual
stereochemistry observed in the reactions of (CH3)3A1 with substituted
cyclohexanones.12 The cyclohexanone ring system nay also undergo con-
formational changes, a factor which has been discussed by Landor and
Regan.13 More recently orbital symmetry arguments14 and unequal dis~
tortion of electron dens_ity15 about the carbonyl group have been sug-
gested to explain the stereochemistry of certain reactions.

Alkylation and reduction studies of a model ketone system in
which torsional strain, compression effects and conformation changes are
not possible were carried out so that "steric approach control" and -
"product development control" could be evaluated independently of these
other possible effects. 7-Norbornanone (I) exhibits bridgehead hydrogen
atoms ih the 1 and 4 positions which eclipse the carbonyl group in the
7 position, This unique feature, unlike that of the 2,6-diequatorial
hydrogens in cyclohexanone which lie 4—50_above the plane of the carbonyl
group, eliminates torsional strain or compression effect as a compli-
cating factor in evaluating stereochemical data obtained from this Syétem.
The fact that (D) is a rigid>bicyclic system further eliminates confor-

mational changes in the substrate as a further complicating factor. It
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is clear then that the validity of the concept of "product development
control" involving the reaction of LiAlH4 or methyl megnesium bromide
(Grignard reagents) as well as other reducing and alkylating reagents

with ketones can be more rigorously tested using this system.

Purpose
In an attempt to broaden the scope of this study, three series of
reagents were studied: | (1) LiBH,, LiAlHA and LiGaHA, (2) BH,, AlH3 and
Gal,, and (3) (CHy),Be, (CHy),Zn, (¢H3)2Mg and '(CH3)3A1. These reagents
were allowed to.react with 7-norbornanone (I), exo~2~methyl-7-norbornanone
(II) and endo-2-methyl-7-norbornanone individually and competitively in

order to evaluate the importance of "product development control" in the

reduction and alkylation of ketones compared to '"steric approach control".



CHAPTER II

EXPERIMENTAL

General Considerations

Manipulations of air-sensitive compounds were performed under
nitrogen in a glove box equipped with a recirculating system using man-
ganeous pxide.columns tobreﬁove oxygen and dry ice-acetone traps to re-
move solvent vapors.16 Reactioné were performed under nitrogen or
argon at the bench using Schlenk tube techniques.17 Calibrated syringes
equipped with stainless steel needles were used for transfer of reagents,
Glassware and syringes were flamed or heated in an oven and cooled under
a flow of nitrogen or argon. All standard solutions were prepared by
weighing the solute in a tared volumetric flask and diluting with the

appropriate solvent.

Materials
Fisher reagent grade anhydrous dieﬁhyl ether wa$ distilled under
nitrogen from LiAlH4 prior to use. Fisher reagent grade tetrahydrofuran
(THF) was distilled under nitrogen from NaAlH.4 prior to use. Hexachloro--
cyclopentadiene was obtained from Aldrich Chemical Company and used
without furfher pdrification. |
Lithium and sodium aluminum hydride solutions were prepared by

refluxing I_liA'lI.-l4 (Alfa Inorganics) in THF or Et,0 and NaAlHa (Alfa

2
Inorganics) in THF for ét least 24 hours followed by filtration through

a frittedvglass funnel using dried Celite as a filter aid in the dry
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box. The clear solution was standardized for aluminum content by EDTA..

The same procedure was followed for LiBH4 (Metal Hydrides).

Gailium chloride was purchased from Alfa Inorganics and used
without further purification.

Borane in THF was purchased from Alfa Inorganics; Before using,
the ratio of borane to hydride was checked.
Be, Me _Zn and Me Mg were obtained from

2 2 2

co-worker Dr. H. S. Prasad. . Trimethylaluminum was obtained from the Ethyl

The alkylating agents, Me

Corporation. Before use, it was distilled under vacuum in the dry box.

Apparatus

All melting pdintsiare corrected and all boiling points'are
“uncorrected. The proton NMR spectra were determined at 60 MHz with a
Varian; Model A~60 or Model T-60 spectrometer. The carbon-13 NMR spec;ra
were obtained.at 125 MHz with a JEOL Fourier transform spectrometer, Mddel
PFT-100. The chemical shift values are expressed in ¢ values (ppm)
relative to a Me4Si internal sténdafd. The mass spectra were obﬁained
with a Hitachi (Perkin-Elmer), Model RMU-7 or a Varian, Model M-66, mass
spectrometer. GLPC analyses were carried out on an F and M Model 700 or
Model 720 gas chromatograph. The ir spectra were determined with a v
Perkin-Elmer, Model 621 or Model 257, infrared recording spectrophoto-

meter. Flame photometry was conducted on a Coleman Model 21 photometer.

Analytical

Gas analyses were carried out by hydrolyzing samples with hydro-

chloric acid on a standardvvacuum line equipped with a Toepler pump.17

Magnesium was determined by titrating hydrolyzed sampiesﬂwith standard



EDTA solution at pH 10 using Efiochrome—Black T as an indicator,
Alﬁminum was determined by adaing excess standgrd EDTA solution.to
hydrolyzed samples and‘then backAtitratiné wifh standard zinc acetate
golution at pH 4 using dithizone as an indicator. Lithium reagents

were analyzed‘by the standard Gilman double titration method (titrétion_
.of total base then titration of total base after reactiqn Qith benzyl
chloride).18 Lithium was also determined by flame photometry. Halide
was determined by titration with AgH0, and back titration by KCNS with
ferric alum indicator; The amunt of active C-Mg and C-Li was determined
by titrating the active reagent with dry 2-butanol in xylene using 2,2'-
diquinoline as an indicator. Boron analyses were accomplished by the

19

titration of boric acid-mannitol with standard Y¥aOH. Carbon, hydrogen

analyses were carried out by Atlantic Microlab, Inc., Atlanta, Georgia.

Preparations

Alane

2504 with

LiAlH4 in THF at low temperature (dry ice-acetone temperature) and

Alane (A1H3) was prepared by the reaction of 100% H

filtered in the dry box.zp Analysis: Li:Al:H = 0.02:1.0:3.0.

Lithium Gallium Hydride

| Lithium,galliug hydride (LiGaH4) was prepared according to a
modification of a reaction reported in the literature.21 The apparatus
used was a 1000 mi. three-neckéd ground glass joint round.bottom flask.
An equalizing pressure addition funnel was fixed to the flaék. A fubber
septum cap was fixed to the top of the addition funnel. One joint of the
three—necked,flask was plugged and a one-way valve was fastened to the

other joint of the three-necked flask which in turn was connected to the






mﬁér in a sinilar flask. Approximately 810 ml. of a 0.61 molar LiGaH,
was produced. The per cent yield was 89%.

The solution was stored in a freezer undef‘dry nitrogen. -After
60 days no noticeable decomposition was observed. After this time the
solution was reanalyzed and the hydride to gallium ratio was 4.00 to
l.OO_and the concentration of gallium was 0.63 M, Lithium analysis was
accomplished by flame photometry. The lithium: gallium: hydride ratio .
was 1,08 to 1.00 to 4.00; The solution was found to be chloride free
after hydrolysis.
Gallane

Gallane (GaH3) was prepared by the same procedure used to prepare
alane. At —78°C, 100% HZSO4 was added slowly to the calculated volume
of LiGaHa in Et20. After the desired time with stirring, the. reaction
mixture was ailowed to warm to room temperature and filtered by the

usual manner in the dry box. Analysis: Li:Ga:H = 0,3:1.0:3.0.

5,5-Dimethoxy-1,2,3,4-tetrachlorocyclopentadiene (IV)

Hexachlorocyclopentadiene was converted to (IV) with methanolic
potassium hydroxide according to a modified procedure by McBee.23 In a
3-1. three—ﬁecked round bottom flask fitted with a condenser, an addition
funnel, and a mechanical stirrer were placed 254 g (0.93 mole) of hexa-
chloracyclopentadiene and 800 ml. of commercial grade methanol. The
stirrer was started, and a solution of 120 g (2.14 mble) of potassium
hydroxide in 600 ml. of methanol added dFopwise over a period of
three hours. The reaction mixture was stirred for an additional two
- hours and then poured over 3 l. of crushed ice. After the ice had

melted; the mixture was extracted with three 250-m1l portibns of dichloro-
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methane. The combined extracts were dried over anhydious maghesium
sulfate and concentrated to a yeliow syrup on a rotary evaporator. The
residue after distilling through a 12 inch Vigreux column yielded 188 g.
(76%) of 5,Sfdimethoxy-l,2,3,4-tetrachlorocyclopentadiene (IV) as a

viscous, yellow-tinted oil, b.p. 79-82 °C (0.6 mm ); MMR (CDCL,,TMS)

3,
singlet at 3.30 ppm; mass spectrum, m/e (rel. intensity) 2370ﬂ+—37, 2),

236(2), 235(4), 234(5), 233(3), 232(10), 231(2), 230(25), 229(10), 228
(90), 227(15), 226(100), 225(3),224(10), 206(3), 154 (20), 58(30); IR

(neat, film) 2970(m), 2940(s), 1610(s), 1450(s), 1190(s), 1140(s), 1100

25 23 25

(m), 1080(m); n D 1.5284 [1it, b.p. 108-110 (11 mm), n D 1;5288].

"7;7-Dﬁmethogy—lL2,3L4—tetra;hlorobicyclo[2.2;1jhggp—Z-ehe (V)

A 1-1. two;necked round bottom flask was fitted with a fritted-
glass gas inlet tube and a condenser comnected to a percury filled
bubbler. Into the flask waé placed 188 g. (0.72 mole) of (IV), and a.
slow stream of nitrogen and ethylené was passed through the fritted-
glass inlet‘tube at a rate to maintain about 1-2 inches of foam in the
flask at 190° C whicﬁ is heated by an‘oil'bath. The color of.the
liquid changed from yellow to redish brown as ethylene was bubbled
through the reaction mixture ar this temperature for 6 hours. The
reaction mixture was cooled and distilled through a 12—inch‘Vigreux
column to yield 160 g. (75%) of a yellow syrup, b.p. 70-75 (0.15mm);

NMR (CDC1l,, TMS) 3H singlet at 3.50 ppm, 3H singlet at 3.55 ppm, 4H

3,
multiplet at 1.63-2.50 ppm; mass spectrum, m/e (rel. intensity) 265(M+-37,
10), 264(2), 263(4), 262(5), 261(4), 260(12), 259(4), 258(28);'257(9),
256(81), 255(15), 254(100), 253(7), 252(l4), 234(5), 232(8), 230(9),

228 (12), 226(16), 182 (20), 180(23), 143(23), 142(18), 133(34), 58(40);
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IR (neat, film) 2970(m), 2940(s), 2830(s), 1610(s), 1460(s), 1290(s),

.1270(5), 1220(s), 1190(s), 1125(s), 1095(s), 1060(m), 1015(5),_995(5),

920(s), 875(s), 840(s), 800(s), 735(m); n>> 24

0.05 mm), 1>, 1.5248].

p 1-5250 [1ie.”" b.p. 56°¢C

7,7-Dimethoxybicyclo[2.2.1 Jheptene (VI)

A 500 ml. three-necked round bottom flask was equipped with a’
mechanical stirrer, a condenser fitted with a nitrdgen inlet tube to
maintain a slight positiﬁe pressure, and a pressure—equalizing/dropping
funnel. The flask was placed in a héating mantle, and ihto»it were placed

250 ml. of THF which had been distilled from NaAlH,, 23 g. (1 mole) of

4?
sodium metal chopped into 5-mm. cubes and 30 ml. (25 g., 0.33 mwle) of
t-butyl alcohol. This mixture was stirred vigorously and brought to
gentle reflux. As soon as refluxing océurred, 17.7 g (0.06 mole) of (V)
was added dropwisevovef a 2 hour period. The mixture was heated under
reflux for 36 hours, cooled to room temperature and the excess sodium
was destroyed by glow addition of 100 ml. mefhanol. The reaction mix-
ture was poured over 2 1, of crushed ice and extracted with 200 ml. of
diethyl ether. The aqueous phase waé separated and the orgénic phase was
washed with 3-250 ml. portions of satﬁrated.aqueous sodium chloride.
The.ethereal solution was dried over anhydrous magnesium sulfate and
concentrated to a dark 6il by removal of the ether by a rotary evapo-
rator. The residue was distilled tﬁrough a 12-inch Vigreux column to

_yieid 6.1 g. (65%) of colorless liquid, b.p. 60-63°C (17 mm); IR.(neat,
film) 3060 (s), 2950 (s), 2820 (m), 1620 (s), 1190 (w), 1140 (m), 1105

(m), 1080 (m); NMR (CDCl,, TMS) 2H multiplet at 0.75- 1.0l ppm, 2H

3’
multiplet at 1.63-2.01 ppm, 2H multiplet at 2.59-2.75 ppm, 3H singlet
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at 3.05 ppm, 3 51nglet at 3.13 Ppm, 2K mult1p1at 5.90-6.07 ppm; mass
spectrum, m/e (rel. intensity) 154(M 58), 139(18), 123(58), 107(22),
o1 (40), 79(100), 59(32); 12>, 1.4645 [11t.2> b.p. 74-78°C (30 mm);

D
n28-6 1.4584].

Anal. Caled for C9H1402 C; 70.10§ E, 9.i5; Found: C; 70.19;
H; 9;13.

This reaction proceedéd smoothly whén fhe lisfed quantities were
used; however, when.this reaction was scéled up 8 fold, a violent ex-

plosion ensued. Therefore caution should be exercised.

7,7—Dimethoxy[2.2.]]heptane (VII)

‘In a hydrogenation flask equipped with a magnetic stirrer, 6.l g
of (VI) and 0.03 g. of 57 palladium on carbon were stirred under
hydrogen at room temperature aﬁd atmosphere pressure. After the hydrogen
absorption had ceased, the catalyst was removed by filtration. The
filtrate was vacuum distilled to give 5.5 g. (87%) of 7,7-dimethoxybi~
cyelo[2.2.1 Jheptane, b.p. 78-80°C (30mm); NMR (CDCl3, TMS) 10H multiplet
at 0.83-2.04 ppm, 6H singlet at 3.18.ppnu IR (neat, film) 2980(s),
2960(s), 1450(s), 1195(m), 1130 (m), 1100(m), 1050(m); mass spectrum, m/e

(rel. intensity) 156(N+ 100), 125(90), 111(33), 94(40), 83(88), 55(87),

nst 1.4530 [11t.%° b.p. 80°C (30 mm); #n*> 1.4533].

Anal. Calcd for C9H16 9? c, 69.19; H, 10.32, Found: C, 69.46;
H, 10.28.

Bicyclo[2.2.1 Jheptan-7-one (I)

In a 25-ml. round bottom flask with distillation head, 2.06 g.
(0.015 mole) of (VII) and 15 ml. (0.25'moié) of glacial acetic acid were

heated to 115°C for 10 hours. After cooling, the solution was trans-
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ferred to a separatory funnel with 30 ml. of peﬁroleum etherA(b.p. 35— -
45°C). A solution of 12 g. (0.30 mole) of sodium hydroxide in 40 ml. of
water was carefully added dropﬁise with.cooling. "An additional 40 ml. of
water was added to dissolve the ;odium acetate that had formed. The water
layer was separated and washed twice with 25-ml. portions of petroleum
ether. The combined petroleum ether extracts were dried over anhydrous
magnesium sulfaté, and the drying agent was removed by filtration. The
filtrate was concentrated to 15 ml. The temperature was lowere& to -20°
to initate crystallizatién. After crystallization was complete, the
solvent was removed and the precipitate dried by passing nitrogen over
the crystals to give 0.90 g. (62%) of bicyclo[2.2.1]heptan-7-one (I)
[7-norbornanone], m.p. 77-79°C; IR (Hujol) 1845(w), 1760(s), 1740(w),
2920(5),2840(5),.1460(5),‘138001), 1300(m), 1200(m), 1180(w), 1160(m);
WR (CDCLS, TMS) multiplet at 1.50-2.20 ppm; mss spectrum, m/e (rel.
intensity) 110(4", 80), 81(75), 67(95), 55(100);[1it.%> m.p. 79.5-80.5°C;
IR 1754 (s), 1783(w)].
Anal. Caled for.C7H100: C; 76.32; H, 9.15. Found: C, 76.40;

I{’ 9'32.
Exo0-=7,7-dimethoxynorbornan-2-ol (VIII)

A 500-ml. round bottom flask equipped with a magnetic stirrer
was charged with 12.76 g (0.04 mole) of mercuric acetate followed by 40
ml. of water. The mércurié acetate &issolved to give a clear solutiom.
Tetrahydrofuran (40 ml) was added to the solutiOn forming a bright
yellow suspension. To the'mixture, which was cooled in an ice Bath, X
~was added 0.038 mole of (VI) with s£irring. The mixture was allowed to

warm to room temperature with stirring until-the reacpion mixture became
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- colorless and clear (3d minutes). Stirring was continued for an addi-
tional 15 minutes and 40 ml. of 3 N sodium'hydroxide was added followed.
by 40 ml, of 0.5 M sodium borohydride in 3 M sodium.hydro#iqe. The
reduction was almost instantaneous. The mercury was then allowed to
settle and the water layer saturated with sodiﬁm chloride. The tetra-
hydrofuran léyer was separated, dried with anhydrous sodium’ sulfate and
filtered after which the solvent waé removed by rotary evaporation.

The crude product was distilled to give 0.030 mole, (5.2 g., 80%), of
(VIII) b.p. 88-91°C (6-7mm); n26D 1.4372; IR (neat, film) 3600-3200(broad-s

2950(s), 1170(m),1145(m), 1115(m), 1060 (m); NMR (CDCl,, TMS) 6H multiplet

3*
at 0.88-2.17 ppm, 1H broad singlet at 2.92 ppm, lH mulﬁiplet at 3.10 ppm,
3H singlet at 3.18 ppm, 3H singlet at 3.24 ppm, 2H multiplet at 3.34-
3.95 ppm; mass spectrum, m/e (rel. inténsity) 172(M+,1);154(44),'141(24),
117 (26), 115(22), 111(29), 109(22),108(29), 101(100), 97(64), 96(41),
91(64), 81(38), 80(38), 79(30), 67(20), 55(40).

Anal. Calcd fof CgH16O3: C, 62.76; H, 9.37. Found: C, 62.55;>
H, 9.29.

7/,7<-Dimethoxynorbornan-2-one (IX)

A 1-1. three-necked round bottom flask was equipped with a magnetic
stirrer, a thermometer immersed in the reaction mixture and a nitrogen
inlet fube. In the flask was placed 100 ml of anhydrous pyridine, and
the flask was cooled in an ice-water bath to 15-20°C. Chromium trioxide
(10.0 g.) was added in small amounts to the stirred solvent at a rate so .
as to keep the temperature below 30°C.- Affer about one-third of the
CrO3 was added, the yellow complex began to precipitate. At the end of

the addition (about 1 hour), a slurry of the yellow-orange complex in
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pyridine remained. The temperature of the stirred solution Qas readjusted
to lSOC., and the stirring‘at this temperature was continued until the
precipitafe reverted to a deep red macrocrystalline form. Petroleum
ether (200 ml.) was ﬁhen added to the reaction mixture, the precipitate
was allowed to settle,.énd the solvent mixture was decanted. The residue
was washed three times with 200 ml of petroleum ether with the solvent
being removed each time by decantation. The preciﬁitate was dried by
passing nitrogen over it. Dry methylene chloride was added to make a 5%
solution. A solution of 16.5 g. (0.096 mole) of (VIII) in 20 ml. of dry
methylene chloride.Was added with stir?ing to the chromium trioxide-
pyridine complex at room temperature. The.oxidation was complete in
about 15 minutes with a black precipitéte forming. The solvent was
removed by a rotary evaporator leaving the crude product which was
distilled to yield 13.3 g. (0.078'mole, 82%) of (IX), b.p. 71—720C(1—2mn0;
m.p. 32-330C; IR(CDC13, cgvity cell) 2950(s), L760(s), lZOOﬁn), llSOGm);

1110(m), 1080(m); NMR (CDCl,, TMS) 6H multiplet at 1.27-2.57 ppm, 3H

3’
singlet at 3.23 ppm, 3H singlet at 3.26 ppm, 2H multiplet at 3.07-3.30 ppm;
mass spectrum, m/e (rel. intensity) l700ﬁ+, 14), 155(2), 139(10), 123(4),
115(8), 101(100), 97 (34), 67(8), 59(8), 55(32), 41(18), 39(12).

Anal. Caled for C.EH

9 1403: C, 63.51; H, 8.29, Found: C, 63.62;

H, 8.40.

2-Methylene-7,7-dimethoxynorbornane (X)

A solution of sodium methylsulfinyl carbanion was prepared
according to the procedure of Corey.26. Into a three-necked, 500 ml.
. round bottom flask, was placed 3.84 g. (0.08 mole) sodium hydride (50%

mineral oil dispersion)., The sodium hydride was washed three times with
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petroleum ether by swirling allowing the hydride to settle, and decanting
Vthe liquid portion in order to>remove’the mineral oil. The flask was
immediately fitted with a magnetic étirrer, a reflux condenser, and a
pressure~equalizing dropping‘funnel.. A three way stopcock, connected to
the top of the reflux condenser, was connected to a water asﬁirator and

a source of dry nitrogen. The system was evacuated until the last traces
of petroleum ether wére removed from the sodium hydride and was then
flushed with nitrogen by evacuating and filling the nitrogen several
times. fhe aspirator‘hose was removed and this arm of the stopcock was
connected to a bubbler to which the system is oéened. Dimethyl sulfoxide
which was distilled from calcium hydride (b.p. 640/4 mn) was introduced
through the dropping funnel and the mixture was heated with stirring to
70~-75°C until the evolution of hydrogen ceases which usually was about

45 minutes. The solutioﬁ was cooled in a cold water bath and stirred
during the addition of 17.8 g. (0.077 mole) of (methyl)-triphenylphos~
phonium bromide in 50 ml. of warm dimethyl sulfoxide whereupon the deep
red color of the ylide was produced. After stirring for 15 minutes the
ketone (IX) in 10 ml. of dimethyl sulfoxide was added with stirring in

a cold water bath. Thé reaction mixtufe was heated to 60° for four hours.
The reaction mixture was then cooled and poured into 500 ml. of cold
water. The mixture was extracted three times with pentane, washed once

with water, dried over anhydrous sodium sulfate, filtered and the solvent

removed by rotary evaporation. The crude product was distilled to pro-

26

vide 10.0 g (0.06 mole, 77%) of (X), b.p. 76~80°C (15 mm); K p 1.4575;

IR(neat, film) 3060(w), 2940(s), 2820(m), 1670(m), 1325(s), 1280(m),

T™S) 8H

1200(m), 1170(m), 1130(m), 1100(m), 1080(s), 880(s); NMR(CDClB,
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mul.tiplet at 0.83-2.67 ppm, 3H singlet at 3.16 ppm, 3H singlet at 3.18 ppm,
2H multiplet at 4.51-4.83 ppm; mass spectrum, m/e (rel. intensity).l68(M%,
60), i53(15), 137(60), 123(13), 121(25), 105(40), 925(12), 93(100), 91(20),
79(30), 77(10), 75(10), 59(32).

Anal., Caled for C10H1602= c, 71.39; H, 9.59. Found: C, 71.25;

H, 9.69.

2-Methyl-7,7-d imethoxynorbornane (XI)

In a hydrogenatioﬁ flask, (X) was added to 10 ml, of 95% ethanol
and 0.3 g. of 5% palladium on carbon. This mixture was stirred under
hydrogen at room temperature until the amo#nt of hydrogen (1344 ml.) ﬁad
been taken up. The catalyst was removed by filtration, and the crude
product was purified and the exo- and endo-isomers weré separated by
preparativé gas chromatography using a 6-foot, 1/2 inch inner diameter,
207% carbowax 20 M on chromoéorb W?NAW at 125°C with a flow rate of 6.5

cm3/minutes. The crude products' ir and 1H nmr matched a similar mixture

of the glc collected isomers' ir and lH nmr spectra, thus insuring that
no decomposition on the column was taking place. The exo-ketal (XIa)
was in a ratio of 7:1 with the endo-ketal (XIb). The first compound
eluted was identified as endo-2-methyl-7,7-dimethoxynorbornane (XIb);
nZSD 1.4501; IR(neat, £ilm) 2940(s), 2860(m), 2820(s), 1450(s), 1380(m),
1325(s), 1270(m), 1200(5), 1140(s), 1100(s), 1080(s), 1060(s), 1030(m),

1000(s); NMR (CDCl,, TMS) 3H doublet at 0.95 ppm, J = 6 Hz, 9H multiplet

3
at 1.,17-2.34 ppm, 6H singlet at 3.17 ppm; mass spectrum, m/e (rel. inten-
sity) 170(d%, 100), 155(97), 139(59), 129(42), 115(89), 101(97), 97(66),
55(63). | - |

Anal. Calcd for C10H1802: €, 70.55; H, 10.66. Found: C, 70.42;

H, 10.62.
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The second compound eluted was identified as exo-2-methyl-7,7-di-
methoxynorbornane (XIa); 25D 1.4320; IR(neat, £ilm) 2950(s), 2860(m),
2820(s), 1450(s), 1330(s), 1270(m), 1200(s), 1140(s), 1100(s), 1075(s),

1055(s), 1030(m), 1000(s); NMR (cDCl_,, TMS) 3H doublet at 1.05 ppm, J =

3’
6 Hz, 9H multiplet at 0.80-2.05 ppm, 3H singlet at 3.16 ppm, 3H singlet
at 3.17 ppm; mass spectrum, m/e (rel. intensity) 170(M+, 100), 155(75),
139(60), 138(20), 129(50), 115(80), 101 (90), 97(70), 55(70).

Anal. Calcd for ClOPlSOZ ¢, 70.55; H, 10.66. Found: C, 70.51;

H, 10.60.

Exo-2-methyl-7-norbornanone (II)

B MmInto a 50 ml Erlenmeyer flask equipped with a magnetic stirter,
thé'gégfketal (XIa) (2.50 g, l4.7 mmole) was added to 25 ml of 5% H SO4
and stirred for 12 hours at room temperature. Afterwards, tﬂis mixture
~and 25 ml of diethyl ether were placed into a sepératory funnel. The
ether layer was separated and the aqueous layer was washed twice with di-
ethyl ether. The combined ethereal fractions were then washed with water,
saturated sodium bicarbonate; water, saturated sodium chloride and dried
bver anhydrous magnesium sulfate. The drying agent was removed by filtra-
tion. The ether was reduced to a volumn of 20 ml by a rotary evaporator,
The crude ketone was purifiea by preparative gas chromatography on a 10-
fdot, 1/4 inch inner diameter column, 20% Carbowax 20M on Chromosorp W-NAW
at 125°C with a flow of 30 ml of He/min. No starting ketal was obserVe&
in the gic trace. With these conditions, the ketal would have had a re-
tention time of 10.5 minutes. The product had a retention time of I5.0
minutes. The compound was identified as 55972—ﬁethyl—?—norbornanéne (I1);
25

BN 1.4490; IR(neat, film) 2940(s), 2850(w), 1840(w), 1765(s), 1730(w),
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1450 (m), 1140(s); NMR (CDC13, TMS) 3H doublet at 0.96 ppm, J = 6 Hz, 9H

27

MMR (CDC1 TMS) 3H doublet at 0.96

multiplet at 1.33-2,17 ppm [1it. 30
ppm] 3 mass'spectrum, m/e (rel. intensity) 12401+, 80); 109(25);‘95(60),
93(50), 81(90), 68(40); 67 (50), 55(100). |

Anal, Caled for CSHIZQ: c, 77;37; H, 9.74. Found: C; 77 .30;
H, 9.72.

" "Endo-2-methyl-7-norbornanone (IIT)

The same procedure‘used to convert'tﬁe'gggfketal to the‘gggfketone
(II) was used to convert the eéndo-ketal (XIb) to the éndo-ketone (III).
Again, under the same conditions described above for the purification and
isolation of the exo-ketone, no starting ketal (XIb) was observed in the
glc trace. Under these conditions the ket;l would appear after 11.5

minutes and the endo-ketone appeared after 16.5 minutes. This ketone was

25

identified as endo-2-methyl-7-norbornanone (III); n 1.4661; IR(neat,

D
film) 2940(s), 2850(m), 1860(w), 1740(vs), 1470(m), 1450(m), 1i45(s); NMR

- (cpcl,, TMS) 3H doublet at 1.10 ppm, J = 6 Hz, 9H multiplet at 1.62-2.42

27

3’
ppm -[1it.”" NMR (CDC13, TMS) 3H doublet at 1.10 ppm]; mass spectrum, m/e
(rel. intemsity) 1247, 83), 109(12), 95(79), 93(34), 81(98), 68(41),
67(52), 55(100).

Anal. Caled for C HiZO: C, 77.37; H, 9.74. Found: C, 77.32;

_ 8
H, 9.70.

5-Methyl-7,7-dimethoxy-1, 2,3, 4-tetrachloronorborn-2-ene (XIT) (1:9 Mixture

* of exo- to endo-isomers)

A mixture of propylene and nitrogen was bubbled in to 264_g;(1
mle) of (IV) under the same conditions used to prepare (V). Compound.

(IV) was preheated to 190°C in a 500 ml. one-necked round bottom flask.
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fitted with a fritted glass cas inlet tube and a’magnetic stirrér. Once
the starting maferial feached a témperature of 190°C, the gas was intro-~
duced and these conditions were maintained for 6 hours with stirring.
After the desired time, the reaction mixturg was cooled and distilled to
provide 230.0 g. (0.75 mole, 75%), of a pale-yellow syrup identified as
(XI1)} b.p. 88-91°C (0.7 mn) n25D'i.5204; IR(neat, £ilm) 2960(m), 2940(s),
2835(s), 1620(w), 1610(s), 1450(s), 1380(m), 1275(s), 1200(s), 1130(5);
1095(s), 1030(m), 1000(m), 965(m), 910(m), 785(s), 760(s); mass spectrum,
m/e (rel. intensity) 268(M+-38,6), 267 (2), 266(14), 265(4), 264&36),
l263(6), 262(38), 261(2), 257(15), 255(30), 253(15), 249(33), 247(24),
239(9), 237(15), 235(36), 233(58), 231(61),.229(100), 227(79), 225(21),
$223(33), 221(485, 220(52), 219(39), 218(88), 216(82), 214(27), 212(33),

190(64), 120(61), 118(79), 59(79); NMR (CDC1,,TMS) 3H doublet at 0.92 ppm

3°
J= 6 Hz, 3H multiplet at 1,21-2.75 ppm, 3H singlet at 3.51 ppm, 3H singlet
“at 3.56 ppm, |

Anal. Caled for C10H12C14O2 C, 39.24; H, 3.95. Found: C, 35.11;
H, 3.89, | |

A 10% SE-30 on Chromosorb VW column at 180°¢ wifh a flow rate of 55
nl of He/min providing a glc trace which showed a 1 to 9 ratio of’thé'ggg;
and Egggrisomers; The isomers were not separated at this stage of the

synthesis,

' 5-Methyl-7,7-Dimethoxynorborn-2-ene (XIII) (A 1:9 Ratio of Fxo- to Erdo-

Isomers)
To a vigorously stirred solution of 90 g. (1.22 moles) of t~butyl

alcohol, 525 ml. of freshly distilled tetrahydrofuran, and 59 g. (2.57

~g~atoms) of finely ch0pp¢d sodium metal under a nitrogen atmosphere in a
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1-1 ' three-necked round bottom flask equipped with a magnetic stirrer, a
pressure~equalizing droppiﬁg funnel fitted with a rubber serum cap and a
condenser fitted with a three-way stopcock ‘:onnected to a mineral oil
filled bubbler was added 30.6 g. (0.1 mole) of (XII). The mixture was
'heated gentiy to maintain a steédy reflux for 10 hours. After cooling, .
the excess sodium was destioyed by slow’addition of methanol ( about

500 ml.) to the reaction mixture. The reaction mixture was poured over
2 1. of ice and the réaction flask was washed with approximately 600 ml.
of water; The solution was extraéted with three 250 ml. portions of
watef and once with saturated sodium chloride solution; The ethereal
solution was dried over anhydrous sodiﬁm sulfate and filtered. The glc
~confirmed the crude product contained both the exo- and ggggfisomefs

in a 10 to 90 ratio. The crude product was distilled to give 9.8 g. of
the mixture of isomers ( 59% yield), b.p. 73-78°C (13 mm); n°_ 1.4601;
IR(neat, film) 3060(m), 2950(s), 2840(m), 2820(m), 1600(m), 1450(s),

1300(s), 730(s); MMR (CDCl,, TMS) 3H doublet at 0.76 ppm J = 6.5 Hz,

3!
2H multiplet at 0.30-1.38 ppm, lH multiplet at 1.78-2.32 ppm, 2H mul-
tiplet at 2.47-2.73 ppm, 3H singlet at 3.02 ppm, 3H singlet at 3,12
ppm, 2H multiplet at 5.83-6.20 ppm; mass spectrum, m/e (rel. intensity)

168, 60), 153(46), 137(46), 123(30), 93(L00).

Anal. Caled for ClOH1602: C, 71.39; ¥, 9.59., Found: C, 71.30;

H, 9.50.



22

Hydrogenation of (XIII)

| In a hydrogenmation flask, 9.8 g. of (XIII), was added to 10 ml.
of 95% etﬁanol and 0,10 g. ofﬂSZ'palladium.on carbon. This mixture was
stirred under hydrogen at room temperature. After the hydrogen absorp-
tion had ceased, the catalyst was removed by filtration. The crude
product was purified and the exo- and'gggg;isoners were separated by
- preparative glc using a 15 ft, 20% Carbowax 20 M on Chromosorp W-NAW
column at 130°C with a fiow of 30 ml/min yielding a 9:1 ratio of endo-
and exo-ketals. The mr, ir and mass spectrum as well as glc retention
times of these compounds were identiéalrto the exo- and endo-ketals,
(XIa) and (XIb), prepared above.

‘7-Norbornanol (XIV)

Into a 250-ml. three—necked round bottom flask equipped with a
magnetic stirring bar and fitted with a three-way stopcock with oné arm
connected to.a mineral oil filled bubbler and a pressure-equalizing
dropping funnei fitted with a rubber serum cap,a solution of 1.03 g.
(9.30 mmole) of ketone (I) in 20 ml. of distilled EtZO was placed.
After cooling the flask and contents to 0° C; a solution of .741 g.

(19 mole) of LiAlH, in 40 ml of Et,0 was added dropwise with stirring.

4
After addition was complete the solution was stirred for 2 hours where-
upon 3 ml. of water was added dropwise to the stirring solution of 0°c.
The resulting slurry was stirred for 0.5 hour, filtered, and the
precipitate washed with.EtZO. The filtrate was dried over anhydrous

magnesium sulfate and the drying agent was removed by filtration. VThe

. ether was removed by flash evaporation to provide 0.897 g. (86%) of
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(XIV), m.p. 151—153°C, The white crystals were recrystallized from

28

hexane to give pure (XIV), m.p. 152-153°C (1it.“° m.p. 152-153°C).

Birch Reduction of (I1)

To a 100 ml. three—necked round bottom flask equipped Qith a
magnetic stirrer, dry ice-acetone condeéenser and a stopper was added 50
ml. of condensed anhydrous ammonia, 0.122 g. (0.001 mole) of (II) and
2.5 ml. of absolute ethanol. To this stirred reaction mixture, 0.7 g.
of finely chopped sodium metal was added. A deep blue color was produced.
Stirring was éontinued for 15 minutes and the ammonia allowed to evaporate
after the addition of 2.5 ml. of water. The mixture was extracted twice
with hexane. The combined héxane extracts were washed with water and
saturated sodium chloride solution and thén dried with anhydrous sodium
sulfate. The hexane was removed by rotary evaporation. The residue
showed two peaks on the.gas chromatograph using a 15 ft., 20% carbowax
20 M on chronnsorﬁ W-NAW columm in a 20:80 ratio.

The first compound, minor product, eluted was identified as
exo-2-methyl-syn-7-norbornanol, (XVa); n26D 1.4507; IR(neat, film) 3600-
3000tbroad—s), 2940(s), 2860(s), 1450(s), 1380(s), 1360(s), 13400n),
1310(s), 1110(5), 1166(5), 1110(s), 1690(5), 1050(m), 1120(m), 850(m);
mass spectrum, n/e (rel. intensity) 126(M%, 7), 111(35), 108(63),

97 (43), 95(90), 93(55), 91(15), 84(20), 83(20), 82(30), 79(30), 71(25),
70(100), 69(25), 67(60), 57(62), 55(55), 53(15), 43(20), 41 (40),

] . . . .
40(30), 39(30); H MMR (cDCl1l,, TMS) 3H doublet at 0.91 ppm J= 6 Hz,

39
10H multiplet at 1.05-2.15 ppm, 1H singlet at 3.97 ppm; 13C NMR(CDClB,

multiplicity in off-résonance decoupling) C(7), 80.38 ppm @); c),

46.29 ppm (d); C€(2), 41.37 ppm (d); C(4), 36.95 ppm (d); C(3), 36.34 ppm
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via preparative glc. The collected mixture had the following properties:
m;p; 51-59°¢; IR (CDCl.,.Cavity Cell) 3600(sharp-s); 3550-3050(broad-s),
1480(s), 1450(s), 1380(s), 1350(s), 1300(s), 1260(m), 1230 (w), 1175 (w),
1075(s), 1050(w); mass spectrum; m/e (rel. intensity) 1260i+, 7), 111(17),
109(43), 97(29), 95(100), 93(95), 85(14), 84(24), 83(29), 82(29), 81 (l4),
80(24); 79(29), 77(19); 71(43), 70(100), 69(33), 68(24), 67(38), 57(38);

43 (38), 41(57), 40(71), 39(38); 'H MMR (CDCL,, TMS) 3H doublet at 1.02

33
ppm J = 7 Hz, 9H multiplet at 0.53-2.50 ppm, lH singlet at 2.48 ppm, iH
broad singlet at 4.08 ppm. The 13C MMR was cﬁnducted in order to éonfirm
the existence of both isomefs.. Based on literature valués:,z9 the following
assignments were made for endo-2-methyl-syn-7-norbornanol (XVIa) and endo-
2-methyl-anti-7-norbornanol (XVIb): (XVIa)13C MR (CDCl3, multiplicity in
of f-resonance decoupling) C(7), 81.05 ppm (d); C(l), 45.38 ppm (d); C(2),
41,32 ppm (d); Cc(4), 35.67 ppm (d); C(3), 29.91 ppm (t); C(6), 27.24 ppm
(£); C(5), 19.54 ppm (£); C(8), 16.44 ppm (a). GvIb)'’c mm (cpei,,
multiplicity in off—resonance decoupling) C(7), 80.02 ppm (d); C(1),
45.75 ppm (d); C(2), 41.62 ppm (d); C(4), 35.98 ppm (d); C(3), 30.34 ppm
(t); C(6), 27.29 ppm (t); C(5), 19.17 ppm (t); C(8), 17.29 ppm (q). The
ratio of (XVIa) to (XVIb) was determined to be approximately 50:50 by
comparing the inéensities of the 13C NMR iines associated with the C(7)s
and C(8)s of each compound (see eqs. 3 and 4). |

Anal. Caled for CgH ,0: C, 76.14; K, 11.18. Found: C, 76.20;
H, 11.23.

© " 'Reductions of Ketones (I), (II) and (III)

A 5 ml Erlenmeyer flask equipped with a magnetic stirring Bar, was

flash flamed, cooled and fitted with a rubber serum cap under nitrogen.
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To the flask was added the calculated amount of each ketone in THF or

ﬁtzo along with the internal standard which was hexadecane. The calcu~
lated amount of réducing agent was then added te the stirred mixture aﬁ
the desired temperature. After the desired time, usually two hours, the
reaction was quenched with water or saturated ammonium chloride solution.
The organic layer was separated and dried over anhydrous sodium sulfate and
then subjected'tq gle éonditions for identification of products. A 15 ft.
_20% Carbowax 20 M on Chrémosorb W-NAW column at 135°C with a flow rate of
30 ml of He/min was used to effect separation qf all products. Invérse
‘addition of reactants providéd the same results, The following was the
order of elution of the ﬁroducts on this column.at these conditions:
_ketope (D, 12.0.minutes; ketone (II), 20.0 minutes; ketone (ITI), 25.2
minutes; alcohol (XIV), 26.3 minutes; alcohol (XVa), 33.0 minutes; ‘
alcohols (XVIa) and (XVIb), 38.3 minutes; alcohol (XVb), 41.4 minutes;

énd hexadecane, 48.0 minutes. 1In all cases,‘only alcohol (XVa) was pro-
duced when ketone (II) was reduced. As noted before, the isomers of
alcohol (XVI) could not be separated by any'techniqﬁe but coﬁld be identi~
fied by 13C NMR.

Meerwein-Ponndorf-Verley Reduction of Ketone (II)

Into a 50 ml one~necked round bottom flask fitted with a partial
reflux head and a négnetic stirrer was placed 2 ml of 0.032 M solution
of ketone (II) in diethyl ether along with 1.0 g aluminum isopropoxide
and 5 ml of iSopropyi alcohol. This mixture was heated to 50°C and
stirred for 2 days. After qooling to foonltemperature, fhe mixture was
poured into 100 ml of saturated aqueous amwonium éhlofide and the -

solution extracted with two 10 ml portions of ether. The ethereal
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extracts were combined and washed with water and saturated aqueous
sodium chloride and dried over ahhydrous sodium sulfate. The ether

was partially removed by use of a water aspirator. This solution was
then analyzed as before by glc. 'The only product was the anti-alcohol. .

" 'Meerwein-Porindorf Equilibration of (XVa) and (XVb)

Into a 50 mI one-necked round bottom flask equipped with a magnetic

stirrer was added 100 mg of syn-2-exo-methyl-7-norbornanocl (XVa), 1 g of

aluminum isopropoxide, 5 ml of isopropanol and 5 ml of acetone. Mild
heat was'applied with.stirring for 3 days. The glc analysis of the
hydrolyzed mixture was shown to contain the anti-alcochol almst ex~
clusively except for a trace of the syn-alcohol.

7~-Methyl~7-Norbornanocl (XVII)

Into a 250 ml three~necked round bottom flask equipped the same
as for the preparation of 7~-norbornanocl (XIV), was placed a solution
of 1.05 g (9.31 mmole) of ketone (I) in 20 ml of freshly distilled EtZO.-
To this mixture, a solution of 40 ml of 0.51 M MeMgBr ( 20.4 mmole) in
EtZO is added dropwise with stirring. ‘After the addition was complete,
the solution was stirred for 2 hours and then quenched and worked up in
the usual manner. Thé ether was removed by rotary evaporétion to provide
1,02 g (87%) of white crystals which were sublimed at 70-80°C (15mm) to
~give pure (XVII), m.p. 95-960C; IR(CC14, cavity cell) 3625 cm_l [lit.30

m.p. 97-98°C, IR (CClA, cavity cell) 3618 cmflj.

Syn-2-FExo~Methyl-7-Methyl~7-Norbornanol (XVIIIa)
This alcohol was prepared by the same procedure used to prepare
alcohol (XVII). Ketone (II) was.allowed to react with methylmagnesium

bromide which was prepared by the reaction of magnesium metal with
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methylbromidé in Et,0 in a Grignard to ketone ratio of 2:1. After the
additioﬁ, the resulting solgtion was stirrgd for two hours and then
quenched and.worked up in the usual manner. The product was then
analyzed on a 10 ft. 207 FFAP on Diatoport S column at 150°C and flow
. rate of 30 ml of He/min. Only one éompound was observed at these con-
ditions; The product was identified as'§22}24§§é;methyl-Y-methyl—Y-

norbornanol (XVIIIa); m.p. 51-52°C; IR (CDCl,, Cavity Cell) 3600(sharp-m),

-
2950(s), 2870(m), 1480(m), 1450(m), 1380(s), 1315(w), 1300(w), 1265(w),
1225 (m), 1200(w), 1185(w), 1170(m), 1110(s), 960@@), 950(s); mass spectrum,
m/e (rel. intensity) l40QdT, 7), 125(52), 122(15), 111(9), 107(7), 97 33),
93(14), 85(24), 84(17), 83 (10), 82(24),’81(19), 71(57), 69(14), 67(21),

55(53), 43(100), 41(24), 39(17); “H MMR (CDCL,, TMS) 3H doublet at 1.21

99
ppm J = 6 Hz, 3H singlet at 1.35 ppm, 10H multiplet at 0.95-1.83 ppm;
13C NMR (CDC13,rmultiplicity in off-resonance decoupling) C(7), 84.15 ppm
(d); c(l), 49.45 ppm (d); C(2), 44.96 ppm (d); C(4), 38.59 ppm (d); C(3),
38.58 ppm (t); C(6), 29.18 ppm (t); C(5), 26.63 ppm (t); C(9), 22.51 ppm
(q); €(8), 22.14 ppm (q)._

Anal. Calcd for C9H160: Cc, 77.08; H, 11.50. Found: C; 76,913
H, 11.59.

Anti-2-Fxo~Methyl-7-Methyl-7-Norbornanol (XVIITb)

Into a 50 ml One-necked round bottom flask fitted with a magnetic
stirring bar, 25 ml of 20% HZSO4 and 2 mmole (0.28g) of (XVIIIa). This
reaction mixture was stirred for 2 days at 80%c. Af terwards, the solution
was cooled and 20 ml of Et20 was added. The ethereal layer was separated,

washed with water,-séturated sodium chloride and dried over anhydrous

sodium sulfate. Subjecting the product to the same glc conditions used
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for the syn-alcohol, two.compounds were observed. The first compound
eluted matched the retention time for the syn-alcohol and was in a 2:1
ratio with the other compound which was identified as the éggifalcohol
(XVIIIb); m.p. 49-50°c; IR (CDC1,, Cavity Cell) 3590(w), 3330(broad-s),
2950(s), 2860(s), 1485(w), 1450(m), 1380(s), 1350{(m), 1300(m), i245(m),
1220(m), 1190(m), 1130(s), 1100(s), 950(s); mass spectrum, m/e (rel.
intensity) l400f+, 10), 125(35), 122(l), 111(15), 107(10), 97(50), 93(20),
85(15), 84(10), 82(15), 81(23), 71(60), 69(15), 67(20), 55(70), 43(100),

1

41(20), 39(25); H NMR (CDCl,, TMS) 3H doublet at 1.07 ppm J = 7 Hz, 3H

39
singlet at 1.46 ppm, 10H multiplet at 0,96-2.17 ppm; 13C NMR (CDC13,
multiplicity in off-resonance decoupling) C(7), 83.06 ppm (d); C(l),
49,69 ppm (d); C(2), 44.90 ppm (d); C(4), 37.68 ppm (d); C(3), 36.16 ppm
(£); C(6), 30.52 ppm (£); C(5), 27.30 ppm (t); C(9), 22.57 ppm (q); C(8),
21.42 ppm (q).-
Anal. Calcd fér CoHy z0: C, 77.08; H, 11.50. TFound: C, 77.20;

H, 11.35.

* The first éomPOund eluted which matched the retention time of the
syn-alcohol was also isolated and it was indeed confirmed to be the‘gigr

alcohol by its ir, nmr and mass spectra.

Endo-2-Methyl—-7-Methyl-7-Norbornanol (XIX)

The same procedure used to prepare 7—methyl—7-n6rbornanol (XVII)
_was‘followed to prepare the syn- and anti-endo-alcohols (XIXa) and
(XIxb). A éolution of ketone (III) in freshly distilled diethyl ether
was added drquise po a 100% excess of MeMng in diethyl ether. After the
normal reaction time, the usual work up procedure was followed. The

‘crude alcohols were analyzed on a 10 ft. 207 FFAP on Diatoport S columm
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at 150°C with a flow rate of 30 ml of He/minute. Only one peak was
observéd under these conditions, but again.this is not surpriéing since
the steric environment is essentially the éame for both isomers. By
preparative glc, these isomeric alcohols were collected togethér'and the

following spectra values were obtained: m.p. 28—29°C; IR (CDCl,, Cavity

3
‘Cell) 3600-3050(s), 2950(s), 2860(s), 1485(s), 1380(s), 1350(m), 1315(s),
1300(m), 1265(m), 1245(m), 1220(s), 1200(s), 1190(m), 1150(m), 1130(s),.
1100(s), 1080(w), 1060(w), 945(s); mass spectrum, m/e (rel. intensity)
14006%, 17), 12540y, 122(19), 111(13), 107(31), 97(67), 96(24), 93(62),
85(52), 84(52), 83(24), 82(44), BL(34), BO(L6), 79(23), 71(%4), 70(28),

69(22), 67(43), 55(51), 43(100), 41(28), 39(22); 'H MR (CDCl,, TMS) 3H
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doublet at 0.96 ppm J = 6 Hz, 3H singlet at 1.40 ppm, 10H multiplet at
0.50-2.50 ppm.

The 13C MR of thése alcohols showed 18 iines indicating the
existence of two alcohols. Based on' literature values29 the following
assignments were made: syn-2-endo-methyl-7-methyl-7-norbornanocl (XIXa)
13C MR (CDClB, multiplicity in off-resonance decoupling) c(7), 85.00
ppm (d); C(L), 48.66 ppm (d); C(2), 44.84 ppm (d); C(4), 37.86 ppm (d);
C(3), 31.25 ppm (t); C(6), 28.21 ppm (£); C(5), 21.23 ppm (t); C(9),
19.90 ppm (q); C(8), 17.05 ppm (q). Anti-2-endo-methyl-7-methyl-7-nor-
bornanol (XIXb) 13C NMR (CDClB, multiplicity in off-resonance decoupling)
C(7), 84.27 ppm (d); C(l), 49.02 ppm (d); C(2), 44.92 ppm (d); C(4),
37.13 ppm (d); C(3), 30.58 ppm (t); C(6), 29.06 ppm (t); C(5), 20.63 ppm
(£); C(9), 20.45 ppm (q); C(8), 17.72 ppm (q).

Anal. Caled for C9H160: Cc, 77.08; H, 11.50. Found: C, 76.91;

H, 11.44, | '
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The ratio of (XIXa) to (XIXb) was deterfiified to be approximately
50:50 by comparing the intensities of the 13C NMR lines associated with

the C(9)s and C(8)s of each compound'(éée eqs. 5 and 6).

Alkylations of Ketones I, II and III

A 5 ml Frlenmeyer flask equipped with a magnetic stirring bér,
was flash flamed or heated in an oven, cooled and fitted with a rubber
serum cap under nitrqgen._ To the flask was added the calculated amount
of each ketone in freghly distilled THF or Et,0 along with the internal
standardAwhich was hexadecane. The calculated amount of alkylatiﬁg
agent was then added to the Stirfed mixture at the desired temperature.
‘After the desired time; usually two hours, the reaction was quenched
with water or saturated ammonium chloride solution. The organic layer was
separated and dried over anhydrous sodium sulfate and then analyzed on
a 10 ft. 20% FFAP on Diatoport § columm at 150°C with a flow rate of 30
ml/min. Inverse addition of reactants provided the same results. The
following was the order of elution of the products on this column at
these conditions: ketone (I), 15.3 minutes; ketone (II), 20.2 minutes;
ketone (I11), 23.5 miputes; alcohol (XVIIIa), 35.0 minutes; alcohol
(XVII), 39.5 minutes; alcohol XVIIIb), 43.3 minutes; alcohol (XIX),

48,2 minutes and hexadecane appeared after 29.6 minutes. In all cases,
only alcohol XVIIia was éroduced when ketone (II) was alkylated. As
noted before, the isomers of aicohol (XIX) could hot be separated by any

technique but could be identified by 13C MR .
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CHAPTER III
RESULTS AND DISCUSSION

‘Synthesis of Model Systems for Reduction Studies

The synthesis of 7-norbornanone, (I), was accomplished by a
modifiea procedure of Gassman andrPape25 (Scheme 1). Hexachlorocyclo-
pentadiene was allowed to react with methanolic potassium hydroxide which
provided ‘1,1-dimethoxytetrachlorocyclopentadiene, (IV). Cﬁmpound (V)
was then allowed to reacf under Diels—Alder conditions with ethylene to
product 1,2,3,4-tetrachloro-7,7-dimethoxy=-2~norbornene- (V) ,whiéh was then
dehalogenated with sodium to produce 7,7-dimethoxy-2-norbornene (VI)..
7,7-Dimethoxynorbornane (VII) was produced from the hydrogenation of CVI)
with hydrogen in the presénce of 5% palladium on carbon cataiyst.
Norbornanone (I)‘was produced from the deketalization of (VII) with 5%
H2504.

' 'Exo-2-methyl-7-norbornanone (II) and erndo-2-methyl-7-norbornanone
(II1) were prepared in a straightforward manner from.7,7-dimethoxy—2—
norbornene C?I) (Schéﬁé 2). Oxymercu:aﬁion of (VI) led to an 80% yield
of pure exo-2-hydroxy-7,7-dimethoxynorbornane (VIII) after distillatiom.
Chromic acid oxidation31 of the alcohol in pyridine-dichloromethane
afforded 7,7-dimethox§norbornan-2-one (X) in an 82Z% yield following
distillation. This ketone was then converted to the corresponding -
methylene compound (X) using_methyltriphenylphosphonium bromide and
dﬁmsylsodium in dimethyléulfoxide.' Catalytic hyd:ogenaﬁion of (X) gave

a 7:1 ratio of (II) to (II1) following 5% sulfuric acid catalyzed de~
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Scheme 1: Preparation of 7-Norbornanone, (I).
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_Scheme 2: Preparation of Exo0~2-Methyl~7~Norbornanone (II) and Endo—2—-

Methyl- 7—Norbornanone (I11).



35

ketalization of (XIa) and (XIb). The ketonés and/or ketals were sepa-
fatedAby gas-liquid chromatography on a 15 ft. 20% carbowax 20 M on
Chromosorb W-NAW column at 135°C. The MMR showed‘a chemical shift of
0.96 ppm for (II) and 1.10 ppm for (ITI). These values agreed well with

those reported previodsly.27

An alternate’route for fhe preparation of (II1I) was also accéﬁ-
plished as shown in Scheme 3. 'Hexachlorocyclopentadiéné1was converted
into S;S-dimethoxy-l,Z,3,4-tetrachlorocyclopentadiene (IV) as before.
Propylene diluted with nitrogen was added to (IV) under Diels-Alder
conditions giving 5—nethyl-7,7~dﬁmethoxy-l,2,3,4—tetrachloronorbornene, ‘
(XII). (XI1) was then dehalogenated in the presence of sodiﬁnimetal to

~give 5-methyl-7,7-dimethoxynorborn-2-ene, (XIII). Hydrogenation of
(XI111) gave (XIz) and (XIb) in a 1:9 ratio. These ketals ﬁere then
deketalized to give.(II)>and (III) in a 1:9 ratio.

The reduction of ketones (I), (II) and (III) was carried out
using LiAlH4 as the reducing agent. For a summary of these results, see
Table I. The presence df only one alcohol as the reduced product of
ketone (II) was indicated by glc and 130 MR. However, it was not |

possible to determine whether it was the syn or anti-alcohol. Therefore,

a Birch reduction on ketone (II) was conducted. Since protonation is

faster than equilibration, both the syn- and anti- alcohols should be

produced (eq. 1). It was observed both by glc and 1H NMR that both the
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Scheme 3: Alternate Synthetic Route to Fxo-2-Methyl-7-Norbornanone (II)
and Endo-2-Methyl-7-Norbornanone (III).
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syn- and anti-alcohols were produced in a 20:80 ratio. The alcohols

were separated by glec and found to match the lH NMR spectrum reported in
the literature.32 Under Meerwein-Ponndorf-Verley reduction conditions
using aluminum isopropoxide and isopropanol, only the anti-alcohol from
ketone (II) was produced. This indicates that under equilibrating con-
ditions the anti-alcohol is indeed the most thermodynamically stable -
product. In order to substantiate tﬁis, the EXET alcohol was allowed
to equilibrate under Meerwein-Ponndorf conditions employing'aluminum'
isopropoxide, isopropanol and acetone. The anti-alcohol was formed almost
exclusively except for a trace of the syn—alcohol thus further establish-
ing tﬁe anti-alcohol is indeed the tﬁermodynamic isomer.

The 13C NMR spectra of the Birch reduc tion products were aiso
obtained. By comparing these spectra with the reduction producfs of .
- LiAlH, with ketone (II), the latter-product was confirmed as the syn-

4

alcohol., Carbon atom assignments were made by using relatiVe shielding
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pargmeters and off—resoﬁance coupling., It is known that deshielding of.
fhe carbon decreases ffom tétra—substituted carbons to tri-substituted
to di-substituted with mono-substituted carbons appearing furthest up-=
field.

Stereochemistry of 7-Norbornanone Reduction

The reaction of LiAlH4 with ketone (I) (eq. 2) or ketone (III)-
(eq. 5) should produce the corresponding alcohol at twice the rate of
LiAlH4 reduction of ke;one (I1) to produce the syn-alcohol (eq. 3)
provided "product development controlﬁ is not important in this reaction.
If "product development control" is important then, of coﬁrse, the rate of
attack on ketdne (II) to produce the gzﬁjalcohol should be decreased due
_to the effect of the exo-2-methyl group on the developing transition
state (product developemnt control). o

Whether or not the ggng-methyl group is sufficiently bulky to
provide .a valid test for "product development control" can be evaluated

by comparing the syn-—anti-alcohol ratio when LiAlH4 was allowed to react

with ketone (II). If the exo-2-methyl group'exe;ts a significant steric
effect in this system then significally less anti-alcohol (eq. 4) should
be produced compared to ﬁhe'gzgfalcohol in the reaction of ketone (II)
with LiAlH4. In order to test pérturbatioﬁs on the carbonyl group other
than the steric effect exerted by the exo~2-methyl group, the reaction
of LiAlH4 with the endo-2-methyl-7-norbornanone, (III), was also studied.
If only the steric effect of the exo-2-methyl group is significant, then
the reaction of LiA].H4 with ketone (III) fo produce the syn- and anti-
alecohol should p;oceed at the same rate as the reaction of LiA]-_H4 with

ketone (I) and at twice the rate compared to the formation of the syn-

2-exo-methyl alcohol.
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The feduction of ketones (I), (II) and (III) were carried out
under identical conditions. As-noted before, only one reduction product
was obtained for (I) and (II), whereas (IIL) gave both the syn- and anti-

alcohols according to glc and 13C NMR. By‘conparing glc and l3C NMR, it’

was substantiated that the lone reduction product of (II) was the syn-
alcohol. Table 1 shows these observations as a result of anti-attack
with reépect to the exo-2-methyl group. Thié shows that the exo-2-methyl
" group exerts a significant steric éffect with respect to atta;k at the
7-keto group since no anti-alcohol is observed. When ketones (I) and
| (I1) were admixed in equal molar poftions with an insufficient amunt of
LiAlHA, the alcohol products of{(I) and (II) were produced in é 2:1
ratio indicating no detectable product development control. Reaction of
(I) and (III) in equal mlar portionsIWith an insufficient amount of
L]’AlH4 produced the corresponding alcohols in a 1l:1 ratio showing that
the endo-2-methyl group has no effect on the rate of reaction of the 7~

keto group. Admixture of ketones (II) and (III) in equal molar ratio

produce the corresponding alcohols in a 1:2 ratio and admiiture of
ketones (I), (II) and (III) in equal molar ratio produced the correspond-
ing alcohols in a 2:1:2 raﬁio whén allowed to react with an‘inéufficient
amount of LiAlHA. The data support the conclusion that anti-attack on
ketone (II) takes placg at the same rate as attack from either side of
the carboﬁyl on ketones (I) and (III) indicating that the gzg:Z—méthyl
group although exerting a significant steric effect (no anti-exo-2-
methyl alcohol formed, eq. 4) does not affect the formation of the syn-
alcohol of ketone (II). When tﬁe mole ratio of ketone (I1) to (III) was.

increased from 1:1 to 2:1 in the presence of an insufficient amount of .
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LiAlH4 the cor;espondiné alcohols produced were in a ratio of 1:1., This

can be explained by the fact.that there are now the same number of equal
attack sites on both ketone (II) and (IIT). When the mole rgtio of (II)
to (I1I) was 4:1, the number of equal attack sites becomes 2:1. On the
other hand, when the ratio of ketone (II) to (III) was l:4, the number of
equal attack sites is 1:8 ﬁhich is what is reflected in the results of
this experiment (Table 1), Futher experiments in THEF and at differént
stoichiometric ratios provide additional evidence for the above con-
clusions.

BH, and

Table 2 compares the Group IIIA metal hydrides, A1H3, 3

GaH3 reactions with ketones (II) and (III). The results are similar to

. those observed for LiAlH.4 reduction indicating that the stereochemistry

is indepehdent of the steric requirement of the hydride. Similarly when

LiBH4, LiAlH.4 and LiGaH4 were allowed to react with ketones (I)-(III),

no evidence of "product development control" was observed (Table 3). In

addition when the anion'(AlH4_ ) was held constant and the cation varied

(Li, Na, and NRA)’ no evidence of "product development control' was

observed (Table 4).

Synthesis of Mbdel Systems for Alkyldation Studies
Alleation of ketones (I); (I1) and (III) were cafried ouf using
vmethylmagnesium bromide in diethyl ether in an attempt to evaluate the
importance of '"product development control" when ketones are allowed to
react with organometailic alkylating agents., For a summary of these
results see Table 5. Identifiéation_of the products df.these réactions.

is essential just as in 'the case of the reduction study. .The»alkylation
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of ketone (II)»produced'only one product as was verified by gle, lH NMR
and 13C NMR. Assuming that the lone alkylation product was the syn-
alcohol, the anti-alcohol had to be synthesized. A straightforward

method to produce the anti-alcohol was carried out according to Scheme

4, The first step in this sequence was to dehydrate the tertiary alcohol

Cl‘i ; CH
2 | ~ HO
CH, -
3 3 : CH
_H,S0, MCPB ) 3

" Scheme 4: Proposed Synthetic Scheme for the Preparation of Exo- Z—Methyl-
7-Methyl—Ant1—7—Norbornanol (XVIIIb).

to the methylene compound followed by epoxidation by meta—chloroperben;
zoic acid which is then followed by LiAlH4 reduction to yield the anti-
alcohol. However, after periodic monitoring by gle, it was noted that a
second peak appeared with a longer retention time than the starting "syn"-
alcohol. This second peak continued to grow until it was approximtély
1/3 of the starting reactant. This newly formed compound was éeparated

by glc and identified by lH-NMR and 130 NMR. By comparing shielding
parameters, as was done for the reduction products identification, this

second'compound was identified as the anti-alcohol. The following

sequence is postulated to have taken place (Scheme 5). The first step in
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CH,
S - )
CH .
3 CH,,
i
_ | .H‘“
XVIIIa L
CH,
CH,

XVIITb

Scheme 5: Proposed Mechanism for the Acid Isomerizatiom of CKVIIIa) to
(XVIIIb).

the process is protonation of the alcohol with loss of water thus forming

the carbonium ion. This can either loose a proton forming the methylene

compound or pick up a hydroxyl group forming either the syn- or anti-

alcohol since the total‘process is in equilibrium. Evidently the exo-
2-methyl group has a steric requirement'regarding the methyl group as
well as the hydroxy group since the anti-alcohol is formed in only 33%

compared to the syn-alcohol in equilibrium,
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Stereochemistry of 7-Norbornandrne Alkylation

The alkylation of ketone (I) (eq. 6), ketone (II) (eq. 7 and 8)
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and ketOné (II1) (eq. 9) were carried out under identicai conditions. As
noted for the reduction reactioﬁs, only one alkylation product was ob-
tained for ketones'(I) and (II), whereas ketone (I11) gave'both the §z§}
and anti-alcohols according to glc, lH nmr and 13C nmr. Table 5 shows
the results of the alkylation studies with methylmagnesium bromide.

In Table 6 are recorded the observations of metal alkyl reactions with
ketones (II) and (III). Both tables show essentially the same results

as noted for the reductions studies conducted with the same ketones.

That is,‘the'g§272—methyl group exerts a significant steric effect with
respect to attack at the 7-keto group since no anti-alcohol is observed.
Also, anti-attack on ketone (II) takes place at the same rate as attack
from either side of the.carbonfl on ketone (I) or (III) when in the
presence of an insufficient amount of alkylating agent indicating that
the ‘exo-2-methyl group does not affect the formation of the syn-alcohol
of ketone (IT). Therefore it can be concluded that "product development.
control" in the alkylation reactions of this model ketone syétem is not |

important compared to "steric approach control".

Reactions of Alkyl Grigrard Reagents with Ketone (II)

Since'the transition state formed on reaction of CH,MgBr with exo-
2-methyl-7-norbornanone (ketone II) should not exhibit torsional strain,
compression effects and conformational changes, it is an ideal model
ketone to evaluate "steric approach control" and "product development
control". When CHSMgBr was allowed to react with this ketone, only the

sxn—alqohol (XVa) was produced. For this reason, it was recently decided

that exo-2-methyl-7-norbornanone (ketone II) might prove to be a useful -



46

model for determining if’ a polar or SET mechanism or a combination of
these is responsible for the products obtained from the reactions of
Grignard reagents with ketones.

Due to the large steric effect associated with the ggg}Z—methyl
group in ketone (II), a polar addition reaction should produce only the
"Ezgrélcohol (eq. 7). 1If a SET mechanism is in effect, a ketyl would first
be formed, as in the Biréh reduction (eq. 1), enabling both the EiET and
‘gﬁgifalcohOls to form in 20:80 ratio when‘25272—methyl—7—norbornanone (1D)
was allowed to react with sodium in liquid ammonia. Therefore by allowing
-different Grignard reagents to react Withvketone'(II), observation of the
alkylated anti-alcohol would indicate the possible participation of a
'SET mechanism.

Table 7 summarizes the results.from a preliminary study of this
postulation involving the reaction of ethyl; i-propyl, t-butyl, n-hexyl
or i-butyl Grignard reagents with ketone (II). Unfortunately, in no case
was any alkylated product observed. The major product in all cases was
exo-2-methyl-syn-7-norbornanol (XVa). Small amounts of'ggng—methyl—
325377—ﬁorbornanol (XVb) were also observed after quenching with water for
all reactions except fdr the i-butyl Crignard reagent. The t-butyl
Grignard reagent provided the greatest amount of (XVb) (11%). The other
reagents produced 1-5% -of (XVb). The following order of alkyl Grignard

reagents was observed with respect to the formation of (XVb):

Bu> 1-Pr N Et > n-Hex " i-Bu

t—-
9BH 6 BH 3 BH 2PRH 1 BH

The reagent which has the most bulky B-alkyl groups had the least -amount
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of anti-alcohol (XVvb) formed. Or in other words, the reagents_wiﬁh the
most B-hydrogens produced the most ggﬁifalcohol.

From the data, no conculsions can be made concerning polar or SET
mechanisms, but reactions involving beniyl, phenyl, allyl, crotyl, vinyl.
etc., which could further our understanding of these mechanisms are now

under further investigation.
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CHAPTER 1V
CONCLUSION

The concept of "product development control" has been used to
explain the stereochemistry of many reactions in which the observed
igomer ratio reflects the stability of the product. This concept has
been used particularly to explain predominant formation’of.the most
" stable isomer in reactiomns obeiAlHﬁ and MeMgBrrwith substituted cyclo-
hexanones. A study of the reaction of L(.:'LA.‘LH.4 and MEMgBr with 7-norbor-
nanone and its exo-2-methyl and EBQQTZimethyl derivatives shpwé thét
the most unstable isomer is formed éxclusively and hence "product
development control" is not a factor‘in these reactions., In an attempt-
to broaden the scope of this study, three series of reagents were
studied: (1) LiBH,, L:'L_AlH4 and LiGaH,, (2) BHB’ AlH3 and GaHS, and (3)
(CHB)ZBe, (CHB)ZZn, (CHB)ZMg and (CH3)3A1. In no case was "product
development control" observed. The reactions with the 7-norbornanone
system are similar in nature to those with cyclohexanones, except_that
the complicating factors of torsional strain, compression effects and
conformationai changés which are present in cyclohexanone systemé are
not present in the 7-norbornanone system The concept of "product

development control" is, therefore, a questionable one in ketone reduc-

tions involving LiA;LH.4 and alkylations involving MeMgRr,



Table 1. Reactions of LiAlH4 with Ketones I, II and III in Diethyl Ether and THF.

‘ Productsd oH
o a_on %
b c ,
Ratio Recovered A;E£7. 2;Ei;r'
Hydride:Ketone Ketone (%) R Mass
Solvent - 1 11 111 1 11 111 (% (%) (%Y ~  Balance.
Et,0 6.00 ©0.00 95 ——— —_ 95
EE,,0 — 6.00 0.00 | 9% — 94
Et,0 - 6.00 . 0.00 — — 92 52
Et,0 0.25  0.25  ——- 61 80 _— 28 14 — 91
Et,0 1 0.25 ———  0.25 71 =72 20 — 21 92
CEE,0 === 0.25 . 0.25  -——- 74 59 — 14 29 88
Et,0 0.11  0.11 0.11 69 82 72 21 11 20 91
THF —_— 6.00 0 _— _—— 94 —_— 94
THF -———  0.25 0.25  ——- 79 62 — 15 29 92
Et 0 ———  0.22 0.1  —— 169 73 —_ 21 22 95
Et,0 -—— 0.16 0.04 --—— 326 82 — 31 16 - 91
Et,0 -—— 0.04 0.16 = —— 89 322 — 4 36 90

a) The hydride was added to 0.032 mmoles ketone at 25°C for 2 hrs. b) Hydride:Ketone = 6 is equivalent
to LiAlH, :Ketone mole ratio of 1.5:1. c¢) % of each ketone recovered based on 100% relative to the amount
of hydride added. d) % of each product based on 100% relative to the amount of hydride added.

6%



Table 2. Reactlons of Group IIIb Metal Hydrides with Ketones (II) and (III) in‘THEF.a

Products (%)d

b c H H. H
Ratio Recovered :

-Reducing Hydride:Ketone Ketone (%) Mass
Agent 1 1T 111 I I1 III ' Balance
BH, —— 6,00 ——m- - 0. - —— 95 - 95
BH, —— 0.25  0.25 - 72 - - 16 29 86
AlH, —_—— 6,00 ———— - 0 - - 96 - 96
AlH; —— 0.25 0.25 - 71 63 - 16 30 90
GaH, ~ -—- 6,00 -—-  -- - - 95 - 9
GaH, — 0.25 0.25 — 70 54 — 18 36 89

a) The hydride was added to 0.032 millimoles ketone at 25°C for 2 hours. b) Hydride:Ketone = 6 is
‘equivalent to metal hydride:ketone mole ratio of 2:1. c¢) % of each ketone recovered based on 1007%
relative to the amount of hydride added. d) 7of each product based on 100% relative to the amount of
hydride added.

0



Table 3. Reactions of Common Cation Complex Metal Hydrides with Ketones (II) and (III) in THF.

Products (%)d

OH
W '
Ratiob ‘ Recovered® H\? oH

Reducing Hydride:Ketone Ketone (%) ; .Mass

Agent I II I11 I I1 ITI ' Balance
LiBH, ——  6.00 ———o — 0 — - 97 — 97
LiBH, ——— 0.25  0.25 - 74 60 — 16 32 91
LiALH, -— 6.00 ——o - 0 - - 9% - 94
LiAlH, ——  0.25  0.25 — 79 62 — 15 29 92
LiGaH, ——— 6,00  ——— - 0 — - 95 — 95
LiGaH -_— 0.25 0.25 - 75 59 - 13 26 86

4

a) The hydride was added to 0.032 millimoles
equivalent to complex metal hydride:ketone mole ration 1,5:1.
. 100% relative to the amount of hydride added.

amount .of hydride added.

ketone at 25°C for 2 hours.

b) Hydride:Ketone = 6 is
c) 7 of each ketone recovered based on

d) 7% of each product based on 100% relative to the

18



. _ . a
Table 4. Reactions of Varying Cations of Complex Metal Hydrides with Ketones (II) and (III) in THF.

Prodicts (Z)d

oH
Ratiob R.ecoveredc o B oH

Reducing Hydride:Ketone Ketone (%) ' Mass

Agent I IT I1Y I 17T 111 : Balance
LiAlH4 o 6.00 —— - .0 - —_ 94 - 94
LiAlH4 ' —_—— 0.25 0.25 - 79 62 - 15 29 92
NaAlH4 _— 6.00 —_— - 0 — - 96 - 96
NaAlH4 — 0.25 . 0.25 — 76 59 —_ 15 27 89
. . A »
NR4A1H4 _— 6.00 e — 0 - - 95 - 95
MR, A1H, -—— 0.25 0,25  -- 76 58 - 14 26 88

a) The hydride was added to 0.032 millimoles ketone at 25°C for 2 hours. b) Hydride:Ketone = 6 is

equivalent to complex metal hydride:ketone mole ratio 1.5:1,
'100% relative to the amount of hydride added. 'd) % of each product based on 100%Z relative to the
amount of hydride added. e) NR4 = tri-n-octyl-n-propylammonijum ion and the reagent was prepared in

benzene.

¢c) % of each ketone recovered based on

z6



Table 5. Methylmagnesium Bromide Reactions with Ketones (I), (II) and (III) in Diethyl Ether and THF.?

Products (/)

Ratiob Recovered®

Methyl:Ketone Ketone (%) % %- & Mass
Solvent I IT Ii1 I I1 Balance
Etz 0 6.00 . 0 - - 90 - - 90
EE() —_—— 0.00 -— - 0 - - 95v - 95
Et20' 0.00 - - 0 - - 90 90
Et20 0.25 0.25 _—— 60 78 - 28 14 - 90
Et,0 0.25  -——  0.25 70 - 70 21 - 21 91
Et20 —_— 0.25 0.25 - 83 64 - 15 - 31 96
Et20 0.11. 0.11 0.11 70 81 71 20 11 20 91
Et,0 —— 0.22 0.11 -_— 173 76 | - 20 19 96
Etzd — 0.16 0.04 - .323 82 - 31 16 S0
Et20_ — 0.04 0.16 - 90 331 - & 36 92
THF —— 6.00 —_— - 0 -— - 93 — 93
THF - 0.25 0.25 - 81 62 - 14 29 93

a) The alkylating agént was added to 0.032 millimoles ketome at 25°C for 1 hour.
6 is equivalent to RMgX:ketone mole ratio of 6:1.
to the amount of alkylating agent added.

of alkylating agent added.

c)

b) Methyl:Ketone =
% of each ketone recovered based on 100% relative

d)' % of each product based on 100% relative to the amount

€S



Table 6. Reactions of Alkylmetal Reagents with Ketones (1I) and (III) in Diethyl Ether.2

Products (%)d

. Ratiob : RecoVeredc. oH oH o :
Alkylating . Methyl:Ketone Ketone (%) 23537 ;;EE7__ Mass

Agent 1 1T 111 I 11 111 , Balance

Me,Be ——-  6.00 - - 0o - - 95 -— 95 |

~M523e , -—  0.25  0.25 - 83 64 — 15 31 97

Me Mg —— 6,00 ———o — 0 - — | 95 — 95

Me Mg —— 0.25  0.25 - 81 60 - 17 33 9

Me ,Zn — 6.00 - - 0 - - 67 - 67

Me )Zn 025 0.25 - 65 43 - i1 20 70

Me3A1 S mmm 6,000 - - 0 — - 65 - 65

ﬁeBAl -——  0.25  0.25 —~ 60 .41 — 10 20 65

~a) The alkylating agent was added to 0.032mmoles ketone at 25°C for L hr. b) Methyl:Ketone = 6 is
equivalent to R, M:ketone mole ratio of 3:1. c¢) % of each ketone recovered based on 100% relative to the
amount of alkylating agent added., d) % of each product based on 100% relative to the amount of agent added.

A
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‘Reactions of RMgX Compounds With Exo-2-Methyl-7-Norbornanone (II)

Table 7.
in Et.0 Solvent at Room Temperature for 30 Hours in 2:1 Molar
2a .
Ratio’. H o it H
b . b . b
Recovered Yield of Syn- c Yield of Anti- c
"R X Ketone (%) Alcohol(XVa)Z(RelZ)  Alcohol (XVE)Z (RelZ)
Et Br 35 " 44.(96) 2 (4)
iPr  Br 4 | 88(95) _ 5(5)
t-Bu c1~ 0 ' 82(89) 10(11)
n-Hex Br 1 90(99) _ 1(1)
i-Bu Br 2 86 (100) 0(0)

a) The Grignard reagents were prepared by the standard methods. No
products other than the reduction products were detected after quenching
the reactions with a saturated solution of ammonium chloride. b) Yields
were determined by glc and based on internal standards. c¢) Normalized

% syn-alcohol + 7 anti-alcohol = 100%.
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CHAPTER 1

INTRODUCTION

‘Background

Considerable interest in organic synthesis at present is centered
in the use of traqsition metal hydrides for the hydrometallation of al-
kenes and alkynes. Stoichiometric amounts of transition metal hydrides
have been reported to reduce effectively unsaturated.organic compounds.,
Conjugated C=C or C=N*bondsl—6.have been reduced and organilc halides7
have been reductively dehalogenated by [HFe(CO)A]— and by several
derivatives of "CuH".S“ll In protic media12 the same tranéformations
can be accomplished by [HFeé(CO)il]T Wailes and Schwartz have'?eported
independently that hydrozirconation of alkeneslsm15 and alkynesl6’17
also involve a hydrometallation intermediate. |

The hydrozirconation of alkenes was shown to proceed through the
placement of the iirconium moiety at the sterically least hindered
position of the alkenme. The authors argued that the formation of the
prodﬁct involved either the regiospecific addition of Zr-H to a terminal
alkene or Zf—H to an intermal alkene followed by rapidvr;arrangement via
Zr-H eliminafion and readdition to place the metal again in thg least
hindered position.

Transition metal hydrides are also used as catalysts for reactions
of unsaturated hydrocarbons such as hydroformylation, hydrogenation,
hydrosilation and iéomérization.ls Recently, the reduction of alkenes
| 19,20

and alkynes by the reagent LiAlH4-transition metal halide was repqrted.
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Although one might assume that thié reaction proceéds thrOugh a hydro-
metallation intermediate, deuterolysis of the reaction mixture shows that
only titanium compoundé are effective in the formation of the hydrometal~-
lation intermediate. Other first row transition metal compounds (e.g.
NiCl2 and CoClZ) are effective in catalyzing the formation of reduction
products although no evidence for a stable fransition.metal intermediate

has been found.

PurEOSe

This research has centered around an investigation of the hydro-
metallation of alkeneé and alkynes using less expensive and more readily
available catalyst systems than has been used so far. The importance of
- forming the hydrometallated intermediate rather than the reduction product
(alkane or alkene) lies in the formation of an organometallic compound
that can be easily functionalized. Although hydroboration proéeeds
readily between an olefin and diborane in THF in the absence of a cat-
alyst, the C—B bond in felatively stable and not as susceptible to fpnc—
Fionalization as are.G4&g or'C—Al compounds. Unfortunately, MgH2 and
AlH3 do notlhydrometailate alkenes or alkynes at all readily compared
to BZH6; however, reaction dogs take place when certain transition metal

halide catalysts are present.
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CHAPTER II

FXPERIMENTAL SECTION

AEEaratus

Reactions were performed under nitrbgen or argon at ﬁhg bench
using Schlenk tube techniques or in a glove box equipped with a recircula~
ting system using manganese oxide columns to remove oxygen and dry ice-
acetone traps to remove solvent vapors.22 - Calibrated syringes eqﬁipped
with stainless steel needles were used for transfer of reagents. Glass~
ware and syringes were flamed or heated in an oven and cooled under a flow
of nitrogen or argon. All inofganic and organic compounds including
internal standard solﬁtions were.prepared by weighing the reagent in a
tared voluﬁetrié flask and diluting with the appropriate solvent. “

All melting points are cbrrected and all boiling points are un-~
corrected., Proton NMMR spectra were.determinéd at 60 MHz with a Variaq,
Model A-60 or Model T-60 or at 100 MHz with a JOEL Fourier_Transform
spectrometer, Model PFT~100., The chemical shift values are expressed in

ppm (8 values) relative to a Me,Si internal standard. The mass spectra

4
were obtained with a Hitachi (Perkin~Elmer), Model RMU~7 or a Varianm,

Model M~66, mass spectrometer, GLPC analyses were carried out on a F and

M Model 700 or Model 720 gas chromatograph. The ir spectra were determined
with a Perkin-Elmer, Model 621 or Model 257, infrared recording spectro-
photometer. .High pressure reactions were carried out in an autoclave

rated to 15,000 psi obtained from the Superpressure Division of Americén

Instrument Company of Silver Springs, Maryland.
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Analytical

Gas aﬁalyses were carried out by hydrolyzing samples with 0.1 M
hydrochloric acid on a standard vacuum line equipped with a Toepler pump.23
Aluminum was determined by adding excess standard EDTA solution to hydro~
lyzed samples and then back titrating with standard zinc acetate solution
at pH 4 using dithizoﬁe és an indiéator._ Lithium reagents were analyzed
by the standard Gilman double titration method (titration of total base
then titration of total base after réaction with benzyl chloride).24

The amount of active C~Li was determined by titrating the active reégent
with dry 2-butanol in xylene using 2,2'~diquinoline as an indicator.
~Amine wﬁs anaiyzed by injecting hydfolyzed samples with an internal
standard on the gas chromatograph.. Carbon, hydrogen analyses wefe carried

out by Atlanta Microlab, Inc., Atlanta, Georgia.

Analysis of all products arising from the quenching of reactions

2 2 2* "2

O2 or carbonyl compounds were identified by glc and/or nmr and isolated

of alkenes and alkynes with hydride reagents with H,0, D,0, CO, CO I

by glc techniques and compared to authentic samples obtained commercially
or synﬁhesized by proven methods. All nmr spectra were obtained in CDCl3
or benzéﬁe—d6 using Measi as the internal standard.
Materials

Solvents

Fisher reagent grade anhydrous dietﬁyl ether was stored over
sodium, then distilled under nitrogen from LiAlH4 and/or sodium—bénéo-
phenone ketyl, |

Fisher reagent grade tetrahydrofuran (THF) was dried over NaAlH

4

and distilled under nitrﬁgen using diphenylmethane as a drying indicator.
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Fisher reagent grade beﬁzene and hexane were stirred over concen-
trated HZSO4, washed with Na2C03; then distilled water, dried over an-
hydrous MgSO4 and distilled from NaAlH, under nitrogen or argon.

Alkenes ‘ _

1-Octene (b.p. 122-123°C), l-methyl-l-cyclohexene (b.p. 110-111°),
styrene (b.p. 145-146°C), 'C_:'gg—z-héxene (b.p. 67-68°C), trans-2-hexene
(b.p. 68—69°C), l~hexene (b.p. 63—64°C), methylenecyclohexane (b.p. 102-
103°¢), 2-ethyl-l-hexene (b.p. 119-120°C), cyclohexene (b.p. 82-83°C),
neohexene (b.p. 40—41°C), 2,3-dimethyl-2-butene (b.p. 72~73°C), and 2-
methyl-2-butene (b.p.'35—38°C) were obtained from Chemical Samples
Company or Aldrich Chemical Company and distilled and stored over 4 A
moleculaf sieves,

Alkynes ‘

l1-Hexyne (b.p. 70—?1°C); 2-hexyne (b.p. 83-84°C), 4—octyne (b.p.
132-133°C), l-phenyl-l-propyne (B.p. 185-186°C), diphenylethyne (b.p.
170°C, 19 mm), and l-octyne (b.p. 124~125°C) were obtained from Chemical
Samples Company or Aldrich Chemical Company and distilled and stored
over 4 A molecular sieves.

l—Trimetbylsily—lnoctyne; Into a 250 ml three-necked round bottom

flask fitted with a Teflon coated magnetic stirring bar, rubber serum cap
and a pressure equalizing addition funnel fitted with a three-way stop-
cock connected to an argon filled manifold equipped with a mineral oil
filled bubbler was placed 14.8 ml (11.0 g, 100 mmoles) of l-octyne in

50 m1 of distilled hexane. ‘To this stirred mixture, cooled with an ice-
water bath, was slowly added 50 ml of 2.03 M n-butyllithium in hexane

via syringe. After the addition, 30 ml of distilled hexane was added and
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then the reaction mixture was allowed to warm to room temperafufe and
stifred for three hours. The resﬁlting white slurr& was again cooled by
an ice-water bath, and 13 ml (11.1 g, 112 mmoles) of trimethylchloro-
silane (distilled from quinoline) was slowly added over a period of %
hour. The resulting mixture was allowed to’warm to room temperature
.and afterwards, stirred for three hours. Then 50 ml of water was added,
slowly at first. The hexane layer was separated and washéd twice with
water, dried over anhydrous sodium sulfate and the solvent removed uéing
a rotary evaporator. The crude product was distilled fd give 15.1 g
(0.083 mole, 83% yield) of l-trimethylsilyl-l-octyne, b.p. 45-49°C (1.0~

25

1.2 mm) (1it.”> b.p. 49-50°C, 1.0 mm); IR(neat, film) 2950(s), 2860(s),

2180(s), 1470(m), 1250(s), 850(broad-s), 770(s), 710(m); NMR (CDCl,, TMS)

3
9H singlet at 0.14 ppm, 3H multiplet gt.0.68—1.06 ppm, 8H multiplet at.
1.08-1.66 ppm, 2H multiplet at 2,.00-2.38 ppm; mass spectrum, m/e (rel.

intensity) 182(M+, 0.04), 168(18), 167(100), 154(3), 139(2), 123(3),

109(12), 96(13), 83(l2), 73(26), 59(14). :

Anal, Caled for CllHZZSi: C, 72.44; H, 12.16. Found: C, 72,23;

H, 12,13,

Ketones and Aldehydes

Fisher Certified A.C.S5. grade acetone was dried over MgSOQ, then
filtéred, distilled frpm.PZO5 and stored over 4 A molecular sieveé.

Finton 4-t-butylcyclohexanone was sublimed under nitrdgen.

Eastm?n benzophenone and Aldrich benzaldehyde were distilled under

vacuum and stored under argon in the dark.

Preparation of Inorganic Reagents

Lithium alumimm hydride (Alfa Inorganics) solutions in THF or

diethyl ether and sodium aluminum hydride (Alfé'Inorgaﬁics) éolutions in
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THF were prepared by refluxing LiAlH, and NaAlH, in the appropriate
solvent for at least 24>hours followed by filtration through a fritted
glass filtér funnel in the dry box. The clear solutions were standardized
for aluminum content by EDTA and by hydr&gen using standard vacuum line

techniques.20

Alane, AlH,, vas prepared by the reaction of 100% H,50, with LiAlH,

in THF at -78°C and filtered in the dry box2® using a fritted glass filter
funnel and dry Celite as a filter aid.

H,Al1C1l, HAlC1,, H

2 AlBr, HA1Br, and HZAlI were prepared in THF by

2° 72 2
27

the redistribution reactions of AlH, and AICl,, AlBry or AlI,. These

reagents were characterized by analyzing for aluminum and hydrogen.

i
JALNPT ), HALNEE,,

and HAl[N(SiMe3)2]2 were prepared

HzAlOBut, HAl(OBut)z, H,Al0Me, HAL(OMe),, H

2

HzAlN(SiMe HAL1 (NPr HAl(NEtz)

3)2’ 3)2’ 2
by simply adding the appropriate alcohol or amine to AlH3 in THF in a 1:1
or 1:2 moiar ratio. Hydrogen was involved during the addition and the
reaction was complete within 15 to 20 mihutes except‘in the case of the
reaction involving diisopropylamine or 1,1,1,3,3,3-hexamethyldisilazane
in which case three hours of reaction time were required. The HAle
compounds were identified by their Al-H stretching frequency assignments:28
' HAL(OMe),, 1840 en”ly ma1qerl) , 1810 enl
l;'H'Al[N(SiMeB)2 é, 1800 cm-l. These'éompounds were

also analyzed for their aluminum content by titration with EDTA and back

t - i
HA1(OBu'),, 1850 cm 5) g5

HA1(NEt 1820 e

2)2’
titration with zinc acetate and also by hydrogen analysis using standard
vacuum line techniques.

These alkoxy and amino reagents were also prepared in benzene by .

removing the THF from the appropriate reagent under vacuum followed by
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addition of freshly distilled benzene. This procedure was repeated
three times until all TEF had been removed. The solutions wéfe then
analyzed for aluminum and hydrogen content.

Activated LiH was prépared by the hydrogenation oflgrbutyllithium
or n-butyllithium at 4000 psi for 12 hours at room temperature in hexane.
The resulting LiH slurry was removed via syringe under an argon atmo-
sphere or in a dry box.

Sodium hydride as a 50% oil dispérsion was obtained from Alfa
Inorganics. The oil was removed by repeated washing and decantations
using freshly distilled hexane.

Lithium and sodium trimethylaluminohydrides were prepared by the
equal molar addition of a benzene, diethyl ether or THF solutiomn of tri-
methylaluminum (obtained from Ethyl Corporation and distilled under
vacuun in a dry box) to ailithium or sodium hydride slurry in ﬁhe
appropriate solvent. The addition was carried out in an appropriate
sized one-necked round bottom flask equipped with a magnetic stirring
bar and a pressure equalizing addition funnel while being cooled with an
ice-water bath. The additon fumnel was fitted with a rubber séfum cap
whiéh was attached tb an argon filled manifold connected to a mineral oil
filled bubbler by a syringe needle. After the addition and sﬁirring
(usually 10 minutes) the reaction mixutre became a clear, pale brown
solution which as anaiyzed for aluminum by EDTA titration and lithium
and sodium by flame photometry.

Sodiﬁm bis(2-methoxyethoxy) aluminum hydri&e (Vitride T) was ob-
tained as a 70% toluene solution from Matheson, Colemaﬁ and Bell.

Lithium and sodium bis-diethylamincaluminohydride were prepared
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éiéﬁer by addiﬂg with stirring at bOC the.stoichiometric amount of
diethyl;mine to a THF solution of lithium or sédium aluminum hydride or-
by adding the stoichiometric amount of bis-diethylaminoalane (preparation
discussed above) to activated lithium or sodium hydride. The clear, palé

yellow-brown THF solutions were analyzed for lithium, aluminum and

hydrogen by the standard methodé described in the Analytical Section. If
benzene sélutions were desired, the THF was removed under vacuum and re-
placed by freshly distilled benzene. This procedure was repeated three
times. The aﬁount of THF according to glc which remained was < 5%.

Bis-(cyclopentadienyl)-dimethyl Titanium

Into a 250 ml one-necked round bottom flask, equipped with a
‘magnetic stirring bar and a pressure eqﬁalizing addition funnel fitted
with a three-way stopcock with one arm éonnected to an argon filled
manifold which in turn was comnected to a mineral-oil filled bubblér,_
was placed 7.47 g ( 20.0 mmoles) of bis—(cyclopentadienyl)titanimn
dichloride, szTiClz,.and 100 m1 of freshly‘distilled hexane. To this
stirred and cold (—78°C) mixture was added 50 ml of 1.35 M MeLi in n-
hexane (67.5 mmole) slowly over a 2 hour period. Then the mixture was
allowed to warm to room temperature and stir for an additional two hours
followed by slow addition of 2 ml of freshly distilled methanol. The
organic layer was removed via syringe and the precipitate was washed
repeatedly with distilledvgrhexane.' The hexane fractions were combined
and stored in a freezer at -20°C. The solvent was removed from a 10 ml
aliquot by flash evaporation. The resulting yellow-orange crystals
melted at 96-97°C (lit.29 o.p. 97°C). The nmr spectra in benzene and

™S showed 5 H singlet at 5.71 ppm and 3 H singlet at 0.053 .ppm.
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Dicobalt Octacarbonyl

Because of the toxic nature of dicobalt octacarbonyl and cobalt .

30, 31 were conducted in a well

tetracarbonyl hydride, all procedures
ventilated hood.

Into a 500 ml stainless steel autoclave were placed 150 ml of

hexane and 15 g of cobalt (II) carbonate (0.126 mole) obtained from Alfa
Inorganics. The gutoclave was flushed three times Qith_carbon monoxide
and then filled with an afproximately equimolar ﬁixture of hydrogen and
carbon»monoxidelto a pressure of 3500 psi. The autoclave was heated with
agitation to 150°C and these conditions were maintained for tﬁree hours..
The autoclave was then cooled ﬁo room temperature, the gases vented
slowly and the autoclave opéned in a well ventilated hood.

The clear dark solution of dicobalt octacarbonyl was pipetted
from the autbclave via syringe and filtered through a fritted glass
filter. The filtrate was theﬁ stored over night in a freezer (—20°C)
during which time large, purple crystals were formed., The solvent was
decanted and the crystals were dried using a stream of dry carbon
monoxide. The dry crystals (16.5 g; ?8%) melted with some decomposition
at 50-51°¢C (iit.30 m.p. 51-52°C). The product was stored under a carbon
monoxide atmosphere.

" 'Cobalt Tetracarbonyl Hydride (Cobalt Hydrdcarbonyl)

A 500 ml threg—necked round bottom flask was equipped with a
pressure—-equalizing addition funnel fitted with a rubber serum cap, an
inlet tube which was const?icted at the tip to about 2 mm.and'iﬁserted

“nearly to the bottom of‘the flask; énd a three-way stopcock with one arm

attached to a 36 mm X 110 mm drying tube containing a mixture of PZOS
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and glass_beads. This aﬁparatué‘in tﬁrn was attached to a cold trap
immersed in liquid nitrogen and with its outlet tube connected to a
mineral oil filled bubbler.

Three grams of cobélt octacarbonyl (0.009 mole) were placed into
a 300 ml ground glass Erlenmeyer flask. Twenty ml of freshly distilled
pyridine (0.248 mole) was added and the flask attached to a mercury
filled bubbler to prevent entry of air and to monitor the formation of
carbon mondxide which was‘complete.in a couple of minutes. The resulting
solution was added to the addition funnel. A solution of 25 ml of conc.
HZSO4 and 75 ml of water was cooled to 0-5°C and added to the.round—
bottom flask cooled by an ice-water bath. Before the pyridine solution
‘was added, the apparatus waé purged with carbon monoxide at a flow of
about 300 cc/min. The slow addition Waé performed over 1 hour. The
flask was then purged with carbon monoxide for another 15 minutes which
allowed the cobalt hydrocarbonyl éo ﬁe transferred from the.reaction
flask to the cold trap.A After the carbon monoxide was alloﬁed to evaporate
slowly leaving behind.the HCo(CO)A, about 2 g (95%) of product was isolated
in this manner. Hexane solutions were prepared by the addition of freshly
distilled hexane and stored at -78°C over sodium sulfate. Analysis of
the above solutions was by the method of Orchin, et al, 2 which in-
corporated the titration of the cobalt hydrocarbonyl by tris-(1l,10-phen-
athroline) nickel (II) chloride. The anaiysis was also carried out
in the following manner: Into a SO.ml Er lenmeyer flask is placed a
Teflon stirring bar, 10 ml of water and several drops of ethanolié
lphenolphthalein. The flask is fitted with é rubber sérum cap and then

purged with carbon monoxide through syringe needles. A 1 ml‘ sample of
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the hexane solution is added. The resulting two-phase system is then
stirred continuously during titration with 0.01 N sodium hydroxide.
Metal Salté

AlCl3, AlBr3 and AlI3 (Alfa Inorganics) were sublimed just prior

to use and crushed to a fine powder in the dry box.

The following transition metal halides were obtained from Fisher:

TiCl3, TiCl4, CrCl3, MnCl2 and Zanzk Alfa Inorganics supplied the

following transition metal halides: VC1 FeCl3, FeCl,, CoCl NiClz,

3’ 2’ 2’

szTiCI Cp Z:Clz, szNi(PPh3)Cl, Ni(acac)z, Ni(PPh3)2Br2, allyl-

2° 2
Ni(dpe)Br, Cp2V012 and the polymer bound benzyl titanocene dichloride
(Grubb's catalyst). All transition metal halides were opened only in the

dry box and used without further purification.

General Reactions of Alkenes and Alkynes

A 10 X 18 mm test tube with a Teflon coated magnetic stirring bar
was flamed and cooled under a flow of argon or nitrogen. Transition metal
halide (5 mole % in most cases) was transferred to a tared test tube in
the d?y box. The flask waé sealed with a rubber serum cap, removed from
the dry box, reweighed and connected by means of a syringe needle t6 a
nitrogen or argon-filled manifold equipped Qith a mineral oil-filled
bubbler. However, in the case of szTiCIZ, a saturated solution in
benzene (0.02 M) or THF (0.125 M) was prepared; however, the solutions
had to be made fresh'each day. One or two ml of TﬁF or benzene was _
introduced into the reaction vessel and then the olefin or alkyne added.
The mixture was stirred for 2 to 3 minutes before the reagent was added.
The the reaction mixturé was stirred at room temperatﬁre‘or at higher-

temperatures, depending upon the reactants, for up to 40 hours in some
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cases. In general the ;eaction between-the-terminal alkenes and internal
alkynes‘were complete in 20 minutes. The reactions were quenched by
various means (see below-General Quenching Techniques) and'worked up by the
regular method (addition of water, extraction with THF, diethyl ether

or hexane and drying over MgSOA), Most products were separated by glc
using a 6 ft. 107 Apiezon L 60-80 column with a helium flow rate Qf 45
ml/min: l-octene (llOOC, oven eemperature), l-methyl-1l-cyclohexene (SOOC),
2-ethyl-1-hexene (SOOC), cyclohexene (50°C); a 20 ft. 1Q% TCEP column
with a helium flow rate of 45 ml/min for l-hexene, gi§72—hexeﬁe, trans-
2-hexene, nechexene, 2-methyl-2-butene and 2,3-dimethyl-2-butene (45°C,
flow rate 25 ml/min); 2-hexyne, l-octyne and l~hexyne (70°C, flow rate.
45 ml/min); l-trimethylsilyl-l-octyne (lQOOC, flow rate 45 ml/min); 1-
phenylpropyne (125°C, flow rate 45 ml/min); a 10 ft. 5 % carbowax 20 M
column for diphenylethyne (ZOOOC, flow fate 60 ml/ﬁin). The yield was
calculated by using a suitable hydrocarbon internal standard for each
case (ETCIZHZG’ 27014H30 or 27016H345 and the products were identified

by comparing the retention times of authentic samples with the products
under similar conditions and/or by coinjection of products and authenfic
samples obtained commercially or synthesized by proven methods.

Yields of cis-stilbene ( § 6.60, vinyl H), trans-stilbeme ( 6'7.10,
vinyl H) and 1,2—diphenylethane ( 6 2.92 benzyl H) were determined by NMR
integration and based on total phenyl protons.> However, the ratio of
cis~stilbene to Eggggfstilbene was also checked by glpc.

General Quenching Techniques

Quenching with H,0. After the desired reaction time for the

catalytic hydrometallation reaction described above, the reaction was
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quenched with water or a saturated solution of ammonium chloride to
produce the protonated species. The amount of recovered starting
material (alkene or alkyne) and products were determined by the methods

descfibed above.

Quenching with D20. The same procedure used for quénching wifh
H20 was followed. The amount of recovered starting material and products
were determined by glc methods and conditions described above. Each
product was colleéted froﬁ the gas'chromatograph and submitted for mass
spectrum analysés. The corrected percent of deuterium incorpofation for
the product was calculated by comparing the protonated species' mass
spectrum with the deuterated species' mass spectrum and by subtracting
‘the contributions of naturally occurring isotopic components from each
molecular ion peak. This procedure was followed for_all unsaturated
substrates observed under these reaction conditioms.:

The regioselectivity of reactions was monitored by use of NMR for
styrenes_l-phenyi-l—ﬁropyne and 1-trimethylsilyl-l-octyne. In the case
of styrene, 98% of the product; ethylbenzene, was deuterated with 90%.
of the deuterium located on the 0 carbon as indicated by a quartet at
2.64 ppm (2Hj J = 8 Hz and a doublet (3H) at 1.23 ppm, J = 8 Hz.

For l-phenyl-l-propyne, 95% of the product, gggfl-phenflpropenef
was deuterated with 90% of the deuterium located on the number 1 carbon
as indicated by.a quartet of triplets at 5.78 ppm, J = 7 Hz (1lH) and a
doublet at 1.89 ppm, J = 7 Hz (3H); The other isomer showed a singlgt at
1.89 ppm and a multiplet‘at 6.36-6.54 ﬁpm. It was identified éé EEEEE?

‘l-phenylpropéne.

The products from the reductioﬁ of 1-trimethylsilyl-l—octyne were
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prepared independently. Cis-l-trimethylsilyl-l-octene was prepared from
the hydrogenation of l-trimethylsilyl-l-octyne with 5% Pd/C used as the
catalyst and 95% ethanol used as the solvent and monitored until the de-

sired amount of hydrogen was absorbed. The cis-isomer was collected and

purified via glpc under the aforementioned conditions. The trans-isomer
was also detected by glpc. The cis-isomer when coinjected under gic con-
ditions with the product of the hydroalumination reaction, showed a trace
characteriétic of only the cis-isomer. The trans-isomer obtained from the
‘hydrogenation reaction had an identicél‘réfention time as the minor pro-
duct from the hydroalumination reaction.

The following data were obtained for cis-l-trimethylsilyl-l-octene:
"IR (neat, film) 2960(s), 2940(s), 2860(m), 1600(m), 1470(m), 1260(s), 850

(broad-s); NMR (CCl,, TMS) 9H singlet at 0.14 ppm, 11H multiplet at 0.74-

4
2.66 ppm, 2H quartet at 2.15 ppm, J = 8 Hz, 1H doublet at 5.49 ppm, J =
13.0 Hz, 1H doublet of triplets at 6.33 ppm, J = 14 Hz and 7 Hz; mass
spectrum, m/e (rel. inténsity) 184(M+, 2), 170(13), 169(70), 141(4), 125(4),
114(23), 109(13), 99(26), *5(15), 73(100), 67(9), 59(91), 44(21), 41(14). |

| Anal. Calcd for CllHZASi: c, 71.65; H, 13.12, Found: C, 71.54;
H,>l3.14.
The nmr spectrum of the trans-isomer matched the spectrum found

in the literature:33 NMR (CClA, T™S) 9H sihgiet at 0.16 ppm, l1H

multiplef at 0.6-1.6ppm, 2H.multiplet at 2.1 ppm,AlH doublet at 5.6 ppm,

J =18 Hz, 1H doublet of triplets at 6.0 ppm, J = 18 Hz’and § Hz.

Wheﬁ l-trimethylsilyl-l-octyne was allowed to react under thg

catalyzed hydrometallation conditions described above, 87% of the product,

cis-l-trimethylsilyl-l-octene, was deuterated and approximately 90% of
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the deuterium was located on carbon number 2, as indicated by the following:

NMR (CDC1,, TMS) 9H singlet at 0.14 ppm, 11H multiplet at 0.80-1.56 ppm,

3’
2H broad singlet at 2.14 ppm, lH singlet at 5.49 ppm. The other isomer
(trans-l-trimethylsilyl-l-octene) had no deuterium incorporation but
showed a triplet at 6.33 ppm which corresponded to the expected splitting

pattern of the non-deuterated trans-isomer.

Quenching with IZ' A known concentration of iodine in benzene

was prepared and a stoichiometric amount was added to the catalytic
hydroalﬁmination reaction after the desired time. This mixture was then
allowed to stir at room temperature for 1 hour. >Afterwards, water was
added followed by a saturated sodium thiosulfate solution. The organic
layer was then separated and dried over sodium sulfate and analyzed by
gle or NMR.. This procedure was followed for the following substrates:
l-octene, l-hexene, cis-2-hexene, trans-2-hexene, 3-hexene and 2-hexyne.
- The iodoalkane-compoﬁnds prepared in this manner were confirmed by com-
parison of authentic samples purchased from Eastman Chemical Company or
by quenching the corresponding alkyl Grignard with iodine and worked up
in the aforementioned manner. The iodoalkenes were identified by NMR
and discussed below.

When the catalytic hydroalumination reactions of internal alkynes
were quenched with DZO’ the products are the cis-alkenes which were
confirmed by coinjection of authentic samples on the gas chromatograph.
From Zweifel's34 ﬁork, it was reported that hydroaluminated compounds
quenched with io&ine'maintain their regiochemistry. Therefore the
iedoalkene obtained from the quenching of the 2-hexynyl reaction with

iodine produced 2~ and 3éiodo—cis—2-hexene; NMR was used to distinguish
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etween the two isomers: R/C C\ ( CH3 singlet at 2.36 ppm) and
I>E C\ (CH3 doublet at 1.63 ppm J =17 Hz). The following spectra
were also obtained:IR(neat, film) 2940(s), 2920(s), 2850(m), 1625(m),

1460(s), 1430(s), 1380(s), 1120(s), 1070(m), 1055(m), 1040(m); mass
spectrum, m/e (rel. intensity) 210(M', 100), 181(10), 168(3), 128(4),
127(6), 83(19), 67(6), 55(91), 41(3). | |

Anal. Calecd for C6H111: Cc, 34.30; H, 5.28. Founa: c, 34.51;
H, 5.25.

'‘Quenching With Carbonyl Compounds. After the desired catalytic

hydroalumination reaction had taken place, a stoichiometric amount of
desired carbonyl compound‘(acetone and benzaldehyde) was added, followed
by additional stirring for 10 hours accompaﬁied by maintaining the
desired temperature with an oil bath. - The reaction mixtures were then-
»workea up by addition of water. The organic layer was then separated,
dried over MgSO4, filtered and analyzed by NMR techniques.

One of the produéts arising from the quenching of l-octene and 4-
octyne reactions with acetone, the reduction product, isopropanol, was
determined by observation of the methyl group attached to the carbinol
carbon (doublet at 1.2 ppm). Acetone was determined by observation of
the.methyl groups attached to the carbonyl carbon (2.05 ppm). 1-Octene
was identified by the vinyl proton muitiplet at 4.8-5.2 ppm (ZH)band
5.52-6.24 ppm (1H). 4-Octyne was identified by the triplet corresponding
to the methyl group at 0.98 ppm. 1-Octene and 4-0Octyne were also deter~
mined by glc analyses. The addition products were determined by nmr ob-
servation of the methyl groups which appearred as singlets at 1.22 ppm

and by comparing these spectra with those obtained from the reaction of



76

corresponding octyl Grignard reagents.with acetoné. The intégrity of the
octenyl addition compound was established by the methyl singlet at 1.22
ppm and the appearance of a multiplet‘at 5.5-6.3 ppm.

For the products arising from the quenching of l-octene and 4~
octyne reactions with benzaldehyde, benzaldehyde was determined by.the'”
singlet associated with the aldehydic proton at 9.94 ppm, the re@uction
product, benzyl aicohol, was determined by the singlet found at 4.58 ppm,
the_additipn product from l-octene was determined by the methine proton
triplet at 4.60 ppm corresponding to the Grignard adaition product's
nmr spectrum and the addition product from 4—octyne was determinéd'by
the appearance of the vinyl multiplet a£ 5.5-6.3 ppm and also by glc,
mass spectral and ir analyses.

When HAl(NPré)é was allowed to react with 1—9ctene or 4-octyne
in the presence of 2 mole % Cp2TiCl2 and then allowed to react with

benzaldehyde, the major product was diisopropylbenzylaminé in both

25

"cases. The following data were obtained: »n D 1.5300; NMR (CDCl.,, TMS)

39
12H doublet at 1.0l ppm, J= 5 HZ; 2H multiplet at 2.66—3.34 ppm; 2H
singlet at 3.63 ppm;'SH multiplet at 7.10-7.40 ppm; mass spectrum, m/e
(rel. intensilty) 19106, 8), 176(56), 134(5); 132(3), 114(2), 106(6),
105(6), 91(100), 84(2), 77(6), 65(6), 51(3), 43(5), 42(4), 41(5),I39(3);
IR (negt, film) 3090(w), 3070(w), 3039(m), 2970(s), 2940(m), 2880(w),
1605(m), 1495(m), 1470(m), 1455(&), 1385(s), 1375(s), 1210(s), 1180(s),
1155(m), 1140(m), 1120(m), 1075(w), 1050(ﬁ), 1025(s).

Anal. Calced for C13H21N: c, 81.61; H, 11.07. Found: C, 81.49;

'H, 11.00.
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2)2 was allowed to react under similar conditions, the
2

major product was diethylbenzylamine: n SD 1.5325; WMR (CDC13; TMS) 6H

When HAIL (NEt

triplet at 1.07 ppm, J=6 Hz; 4H quartet at 2.42 ppm; J=6 Hz; 2H singlet
at 3.64 ppm,ISH multiplet at 7.10-7.40 ppm; mass spectrum, m}e (rel.
intensity) 163(M+, 6) 148(19), 133(6), 132(7), 118(7), 109(11), 108(25),
107(19), 106(79), 105(83), 91(68), 86(7), 80(11), 79(21), 78(22), 77(100),
65(8), 58(18), 51(42), 45(18), 43(26), 39(14); IR (neat, £11m) 3d90(w),
3070(w), 3030(w), 2970(s), 2940(m), 2880(w), 1605(m), 1495(m), 1470(m),
1450(m), 1380(s), 1215(s), 1185(s), 1145(m), iiZO(s), 1670(m); 1030(s),
-950(5). | | |

Anal. Calcd for C C, 80.92; H, 10.50. Found: - C, B81.05;

11Hy N
H, 10.45. '

 General Reactions of Complex Metal Hydrides

The same general procedure used for the bis;dialkylaminbalane
reactions af alkenes and alkynes were followed as described above. Thé
complex metal hydrides used were lithium and sodium aluminum hydride,
sodium bis-(2-methoxyethoxy) aluminum hydride and lithium and sodium tri-
methjlaluminum hydride. The reactions were quenched with H20, saturated
solution of ammonium chloride, D20 or a benzene solution of iodine and

worked up as described above. The products Wére identified by the above

procedures.
' General Reactions of LiH or NaH

The same procedure for the catalytic hydroalumination reactions
of alkenes and alkynes with bis-dialkylaminoalanes described above were '
also followed.for this part of the investigation. The identification
of.the products proceeded as before by gic analyses and by comparison

‘with authentic samples.
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General Reactions for the Carbonylation of Simple and Mixed Metal Hydrides

The simple and complex metal hydrides were cafbonylated at 4000
psi using a high pressure apparatus at room temperature. Diethyl ether,
THF or hexane was used as the soivent and the reactions were carried out
over a 24 hour period. Gas-liquid chromatography was used to confirm
the production of methanol, ethanol and/or methyl formate by comparison

with authentic samples.'
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CHAPTER III

RESULTS AND DISCUSSION

Reactions of Alkenes

The monosubstituted olefin, I-octene, was chosen as a represent-
ative olefin for the initial evaluétion of catalysts in the study of
hydroalumination of olefins. Bis-diisopropylaminoalane,'[HAl(NPri)é],
was chosen as a representative alane and was allowed to react with
l-octene in thé presenée.of 5 mole percent of. various transition metal.

compounds (eq. 1). Nearly quantitative yields of octane were obtained

A ) PhH .
HAl(NPr;)Z 4+  1-Octene + Catalyst ——————3 Octane (1)
_- RT, 1 hr

when TiCly, TiCl,, CoCl,, .

dichloride, CpNi(PhBP)Cl, Ni(PEt3)23r2 and allyl-Ni(dep)Br were used as

NiCl szTiClz, polymer bound benzyltitanocene
catalysts (Table 8). The intermediate formation of the octyl aluminum
compound was monitoreé:by the percent deuterium incorporation observed
when the réaction was guenched with D20. Even though the yiel&s of octane
were higﬁ, only the titanium cétiLysts provided high yields of products
showing deuterium iﬁcorpofation. The best catalyst for this reaction
(eq. 1) appears.to be titanocene dichloride, Cp2T1C12.
Scheme 6 outlines the proposed mechanism iﬁvolved in the catalytic
hydrometallation process; The transition metal halide is proposed to
react with the disubstituted alane to produce the disubstituted chloro-

aluminum compound and the transition metal hydride. The hydroalumination

species is presumed to bé the transition metal hydride and the reducing
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Scheme 6: Proposed Catalytic erdrometallation Mechanism. .
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ability of the rgagent,ié believed to be due to d-orbital overlap between
the metal ion and the unsaturated caﬁbon—carbon bond. Under this assump-
tion, CuI(dlo) and ZnII(dlo)'have no empty d-orbitals to overlap with the
olefin, and Ma'T(d) with the d-orbitals half filled would be.predicted
"to have a lowa;.activéting'ébility. Undér‘the cbnditions described above,
Cu, Zn and-ancatalysts are considérably slower reacting than the‘titanium
cobalt or nickel catalysts. This explanation is consistant with the
resulfs obtained.

After the addition of all the reactants and reagents, a blue-
‘violet color appeared which represented the formation of the tfansition

metal hydride.35 As stated above, szTiCl was shown to be an effective

2

.catalyst;36'however, when szTiMe was employed as the catalyst, no

2

color change was observed and none of the anticipated products was formed
and the starting material was recovered. This can be explained by the
fact that the chloride in titanocene dichloride is a better leaving group

2T1Cl2 is
‘more acceptable as a catalyst involving simple displacement by the bis-

dialkylaminoalanes than szTiMe2.37 The transition metal hydride first

than the methyl group in dimethyltitanocene and therefore Cp

coordinates with the unsaturated substrate forming complex A.

The next step involves B-hydride addition'of the transition metal
hydride to the coordinated unsaturated substrate forming compound B.
Ebffman38 proﬁosed that this equilibrium depends on the donation of the
electron density on the metal thus stabilizing the olefin complex.
Therefore by using a d0 metal (gﬂg,‘szTiIVClz), specific activétion of
0

the alkene or alkyne should be accomplished; in other words, the d

metal-alkyl complex B should predominate over the unsaturated complex A
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at equilibrium. Once the alkyl transition metal compound is formed, a
transmetallation step with the disubstituted alane takes place. Hart and
Schwartz39’have shown that alkyl groups can be transferred from zirconium

to aluminum simply by treatment with Al1Cl It is suggested that a

3
similar process occurs in the analogous titanium system. The transition
metal hydride complgx which is also formed in this step can now react
with more substrate to continue the hydrometallation process.

In order to determine the nature of the reaction intermediate
when alkene is allowed to react with HAl(NR2)2 in the presence of
transition metal halides, deuterium incdrporation experimeﬁts were
carried out by quenching the reaction mixtures with deuterium oxide.

The products were éollected by prepérétive glc and the deuteriuﬁ content
(%) was measured by the molecular ion peak ratio of deuteriafed and
non—-deuterated product in the mass spectrum. These results are also
listed in Téble 8. The only experiments/giving high yields of product
and deuterium incorporation occurred with the titanium catalysts (TiCl3,

65%; :TiC1;, 807 and szTiCI 93%). A notable exception was the polymer

23
bound benzyltitanocene dichloride (Grﬁbb‘s Catalyst). The catalyst
produced 99%.of the reduced alkene but no deuterium was incorporated

when the reaction was quenched with D20.' It was.hoped that with a polymer
bound catalyst, the hydrometallated species could easily be removed from
the cétalyst thereby reducing the prébability of further side reactions
taking place. These results imply that the hydrometallated transition
metal halide intermediate is not stable under the conditions studied

“except for the titanium catalysts., In other words, the transmetallatiom

reaction involving alkyl transfer from the transition metal to alumipum
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proceeds only for the reactions with titanium catélysts (eq. 2).

e — ___*Lliﬁim;; //"'f“; ___EAL£EW212_5
i

+ 'TiH' (2)
H .

| H ~Al(NR2)

Several experiments were carried out_in an attempt to stabilize
the carbon-traﬁsition metal bond by varying the ligands.attached fo the
transition'metal. It is expected that ligands are capable of stabilizing
the transition metal compounds by dispersing the d-orbiﬁals of the
<transition metal through the attached iigands. The addition of triphenyi-
or triethylphésphine to:nickel chloride did not have much of an effect
on the percent deutefium incorporation. However, the addition of cyclo~
pentadienyl ligands to TiCl4 had pronoﬁncéd effect on deuterium incor-’
poration (93%).

It was also.shown that the amount of deuterium incorporation in-
creased when the solvent was changed from THF (78%) to benzene (88%)
and when the atmosphere was changed from nitrbgen (887%) to argon (93%)
(Table 9). The changing of a nitrogen atmosphere to one of argon
increased the amount of deuterium incorporation observed because evident-
1y N2 was "fixed" to the titanium atom in a side reaction. The changing
.of solvents from THF to benzene also increased the amount of deuterium
incorporation presumably due to the inability of benzene to donate a
hydrogen atom during homolytic cleavage of the R-Ti compound as would bé 
the case for THF. |

Table 10 coﬁtains‘the observed results from reaction of a series of

alkenes with HA1(NPr in the presence of 5 mole percent szTiClZ. All

i
2)2



84

of the reactions were conducted in benzene at 60°C for 12 hours except

- that for the l-octene experiment which was over in 10 minutes at room
temperature. Relative rates for these reactions were found to be styrenen
l-octene > 3,3-dimethyl-l-butene > methylene cyclohexane > 2-ethyl-l1~
hexene >> cis-2~hexene 4NE£§E§72-hexenei>>bcyclohexene.>>? 2-methyl-2-
butene " 2,3-dimethyl-2-butene v l-methylcyclohexene. These rates
parallel the rates found by Schwartz for the hydrozircomation reactions.15

The percent deuterium incorporatioh,which monitored the production
of the inﬁermediate alk&l aluminum compounds, was high for styreme, L~
octene, cis-2-hexene, trans-2-hexene, methylene dyclohexane and Z—ethyl-
L-hexene (98, 93, 83, 81, 72 and 75%vrespectively). The notable exception
was 3,3-dimethyl-l-butene which gave a high yield Qf 2,2~dimethylbutane,
reduction product, in this case 2,2-dimethylbutane, was obtained (99%),
but only 10% deuterium incorporation of the product was observed. Cyclo-
hexene and the trisubstituted or tetrasubstituted olefins, l-methylecyclo-
hexene, Z-methyl-Z—butene_or 2,3~dimethyl-2-butene, provided only small or
no amounts of the corresponding alkanes. This implies that the greater
the steric bulk bf the olefin the slower thé reaction.

According to Scheme 6, the critical step in the catalytic hydro-~
metallation reaction is the production of A which leads to the formation
of B in a regioselective manner where thg transition metal proceeds to
the terminal carbon for primarily steric reasons. This result is sub-
stantiated by the fact that only l-iodooctane is produced when the
catalytic hydrometallation reaction product of l-octene is quenched With
iodine (Table 11). When 2-ethyl-l-hexene is the substrate, the transition

metal hydride complex can arrange itself in a manner where the compression
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When l-hexene, l-octene, ¢is-2-hexene and trans-2-hexene are.
allowed to react under conditions listed above, but quenched with iodine{
only the cdrresponding l—iodo—compounds were produced (Table 11). This
observation is consistent with previous findings of Schwartz observed for’
the hydrozirconation process.15 It has been shown that ziréonium (W)
and titanium (IV) salts can catalyze the isomerization of secondary
aluminum reagents4o.to produce primary aluminum.reagents. These iso-
merizations may occur thréugh_reversibly B-hydride elimination and re~

addition mechanisms mentioned before in reference to Scheme 6.

‘Redct ions of Dieres

When dienes (Table 12) were allowed to react under these conditions,
the conjugate dienes (1,3-butadiene and 1,3-hexadiene) yielded only.a
 mixture of butenes and hexenes without any alkanes being observed. When

quenched with D,0 only 417 of the product showed deuterium imcorporationm.

2

The non~conjugated diene, 1,5-hexadiene, in THF yielded a mixture of
10%Z l-hexene and 80% hexane with 75% deuterium incorporation when quenched

with DZO' However, in benzene only, methylcyclopentane was observed with

90% deuterium incorporation when quenched with DZO' Evidently, in

tenzene cyclization takes place (eq. 3)41 whereas in THF cyclization
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R.N
25 -\
\\Al N >' cat \
K/ NKSH Q\ j benzene ’
R2 . cat.
THF

(3)

f}
N

S ;.solvent
AOes:not take place becaﬁse THF is strongly coordinated to aluminum,and.
therefore is difficult to be displaced since the electron demand of the
aluminum is somewhat satisfied. In benzene, however, rearrangement is

still possible.

Survey of Catalysts of Hydrometallation
' of TIiniternal Alkenes

Accordingvto the literature, all attempted catalytic hydrometai-
lation reactions involving‘internal olefins result in at least some iso-
merization to the terminally substitutedﬁproducts after quenching. It
would be desirable to be able to hydrometallate internal alkenes without
isomerization. Therefore a series of transition metal halides were
allowed to reéact as catalysts with HAl(NPrzi)2 and cis-2-hexene in benzene
at 60°C for 24 hours (Tablev13). After the allotted time, the reactions

were quenched with a benzene solution of iodine. The products were an-

alyzed by -glc. Under these conditions no 2-iodohexane was observed al-



88

though the cobalt and nickel catalysts produced nearly quantitative yields'
.of hexane (99%).> Thg titaniuﬁ catalysts (TiCl3, T':i.Cl4 and szTiClz) pro-
vided l—iodéhexane in 55, 56, and 75% yields respectively accompanied by
5-13% trans-2-hexene. When the reaction with Cp,TiCl, was allowed to
proceed at roém temperature for 24 hours in benzene or THF, only a trace
of l-iodohexane, none of the 2-iodohexane, 85% cis-2-hexene, and 14%
trans-2-hexene were detected by glc. Tﬁerefore one can conclude from

these data that the catalytic hydrometallation of internal alkenes pro-

ceeds with isomerization.

Reactions of Alkynes

The results obtained from the reaétions of various alkynes with.
HAl(NEré)2 and'S mole percent szTiCl2 in benzene at robm temperature
under an argon atmosphere are tabulatedvin Table 14, 1In the case of fhe
internal alkyne (2-hexyné, 2-octyne, l-phenylpropyne and diphenylethyne,>
Table 14) reactions, a small amount (5, 10, 3 and 0% respectively) of the
alkane was observed by.glc. This by-product could be minimized to about
3% conducting the reaction at 0°C in an 80:20 mixture of benzene/THF for
2 hours. The major products were cis-2-hexene (94%), cis-2-octene (90%),
cis-l-phenyl-l-propene (96%) and cis-stilbene (96%) with only 1-4%7 of the
trans-isomer observed. -All the products were confirmed by comparing the
~ ir spectra of identical samples obtained by the hydrogenation of the =
starting maﬁerials (Pd/C and hydrogen) or samples obtained from the Aldrich
Chemical Company. When the reaction mixtures were quenched with D20, 96-

97% of the cis-alkenes (Table 14) contained deuterium according to mass

spectroscopy. When the reaction with 2-hexyne was quenched with iodine,

the nmr spectrum showed'a 53:47 ratio of 2-iodo-cis-2-hexene to 3-iodo-
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cis-2~-hexene (Table 14). This result is expected on steric as well as
electronic érounds since there is little difference in either éffect be-
tween alkynyl methyl and propyl groups.

B A study was conducted in order to determine (1) the effect 6f
temperature on the products of reaction and (2) the prodUét composition
from 0 to 100% reaction. A representative internal alkyne, 2-hexyne,
;)2 in the.presence of various amounts
of szTiC12. The results are summarized in Tables 15 and 16. When the

was allowed to react with HA1(NPr

reaction was cérried oﬁt at room temperaturé fér 16 hours only 52%
ﬁa&éuterium incorporation in the produc£FWas observéd; howéver, when the
reaction was carried out at OOC, 91%"deuterium incorporatian was ob-
served, once again indicating formation of the intermediate 21572—
hexenylaluminum compound in high yield. This reaction is believed to be
reversible as shown in Séheme 6; however, this result indicates that |
either the alkenyltitanium or alkenylaluminum compound is not stable at
room temperature under hydrometallating conditions and subsequentiy
undergoes decomposition to_producesz'which, in the présence of catalyst,
will hydfogenate the alkyne to the alkene which in turn can bevhydro—
genated to the alkane.. This suggestioﬁ would account for the low
deuterium content of the product following work up procedures. A
separate experiment showed that hydrogen was indeed produced when
HAl(NPr;)2 was added to szTiCl2 at room temperature. IHydrogen was
also producéd when diisobutyloctenylaluminum in benzene was addéd to
5 ﬁole percent of szTiC;z.‘ The diisobutyloctenylaluminum was prepared
according to the proéedufe of Wilke which allowed l-octyne to react
with diisobutylaluminum hydride at 60°C. This result also supports

the above proposition. The amount of alkane which was produced from
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| , "~ Cat '
S Hexyl-C=-H + gAl(NRZ)Z-—_——El———) Hexyl=C-AL(NR,), + K,

1 - , 2
- HA1(NR.) €4t 3 Hexyl—CH=C[AL(NR.).]
2 * 22 > Hexyl=CH=CLAL(NR,), 1,
| 3
HAL (NR.) 8L 3 Hexyl—CH.C[AL(NR.).]
3 + Ry 5 > Hexyl—CH, 22213
4
1) cat. “ :
L 2 H, 5 D) 7 Hexyl—CH,CH,
1) cat S
2 + 2 HZ 2) D,) 7 Hexyl—CH,CH,D
2 2CHy
1) cat 5
3 o Hy 3 D,0 7 Hexyl—CH,CHD,

+ DZQ—-““‘“'? Hexyl-—CHZCD3

[ES

2 + D0 —3 Hexyl—C=C—D

Scheme 8: Proposed Mechanism for the Polydeuterated Octane Formation.

- catalyst had little effect on the product ratios.
In order to circumvent the problem of producing a wide variety of

products discussed above, the trimethylsilyl compound was prepared

according to equation 4. When l—trimethylsilyl—l—octyne was allowed to



20

the reaction of 2-hexyne with HAl(NPr%)Z-in the presénce of szTiC12

was reasonably constant throughoﬁt the reaction at 0°c indicafing that
the alkane is formed in the initial stages of the reaction by hydro-
genation. Also considerable Ezgggrolefin is formed when the temperaturé
is incrgased from 0 to 25°C indicating the advantage of lower reaction
temperatures. If the alkyne was added after the catalyst énd alane were
allowed to react with stirring for a few minutes under a slight vacuum,
‘the amount of alkane prédueed decreased to less than 3%, but the amount
of alkene'alsobdecreaséd to 45% with 94% deuterium incorporation.

As the amount éf catalyst was increased (Table 17) the rate also
increased with no loss in deuterium incorporation. A reasonable cat-
alyst concentration is considered to be 5 mole Z.

If l-phenylpropyne was allowed to react under similar conditions
(Table 14), 96% of £i§fl—pﬁenyl—l—propene, 3% of phenylpropane and 1% of
trans-l-phenyl-l-propene were produced upon quénching with water. The
cis—-alkene produced in this manner matches the nmr, ir, mass spectrum
and refractive.index of cis-l-phenyl-l-propene obtained from the catalytic
hydrogenation of l-phenylpropyne. When the catalytic hydrometallation
reaction was quenched ﬁith DZO’ the prdduct contained 97% deuterium
according to mass spectroscopy. The nmr speétrum showed av10:90'ratio
of 2;deuterio-gi§fl—phenyl—l-propene to l-deuterio-cis—-1-phenyl-l-propene
(Table 14). However, Eisch42 répofted that quenching the reaction of di-.
iggbutylaluminum,hydride and l-phenylpropyne at 50°C with DZO produced
;n 80:20 ratio of the 2-deuterio-cis-1l-phenyl-l-propene to 1-deuterio-
gigfl-phenyl-l—propene\indiéating that attack occurred at the least

hindered carbon 4 to 1. 'The reverse regiochemistry observed for the
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Scheme 7: Proposed Mechanism For The Catalytic Hydrometallation Of

1-Phenylpropyne.
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hydrometallation reaction products reported herein indicates, accordihg
to Scheme 7, that the formation of the titanocene hydridochloride-alkyne
complex determines the regiochemistry of the products. Complex Al is

less hindered than complex A,, because the cyclopentadienyl and phenyl

2’

groups In complex A, can adapt a staggered arrangement, but the cyclo-

1

pentadienyl and methyl groups in complex A, cannot. Therefore complex

2

A, would be favored over complex A Of course, the titanium hydrido-

1 2°
chloride catalyst could also be complexed to the T cloud of the phenyl
ring thus poéitioning the titanium closer to the carbon holding the phenyl
ring. Following the B-hydride addition, the transmetallation step with

HAL1(NPr would  generally have the same environment and therefore would

b,
have little effect on the overall reaction products.

When a representative terminal alkyne (e.g. l-octyne) was allowed
te react under the above Eonditions, an approximately 50:50 mixture of
alkane to alkene was observed. When the reaction mixture was quenched
with DZO’ the alkene showed a relatively high percentage of deuterium
incorporation (78%); howéver, the octane showed deuterium only to the
extent of 557. According to mass spectroscopy, four octanes [6ctane-d0
(452), octane;d1 (22%); octane-d2 (18%5 and octane-d3 (15%)] were pro-

duced which . Scheme 8 can account for.42

Thé deuterium incorporation
exhibited in the octane products indicates that metallation or depro-
-tonation of the acetylenic hydrogen occurs with subsequent addition of
B—Al across the multiple bond.42 Also, with hydrogen present along with
a catalyst, hydrogenation reactidns are possible and thereby accounting

for the large number of products. The lowering or raising the tempera-

ture, increasing the reagent/alkyne ratio or increasing the amount of



94

CH,(CH,) .C=C—H + n-BuLi hexane v oy (cH.).c=c-Li + Butane+
3 &g 5 L » 388/ 5
(4)
CH3(CH2)5CE£—LJ’: + c1SiMe3———}£’-‘f‘l"ia CH, (CH,) ((SC-SiMe, + LiCl¥

‘react under the usual catalytic hydrometallation conditions (Table 14),
only 5 percent of the totgily saturated'compound, octane-do, and the
.Ezgggfalkeﬁe were produced with the cis-alkene being the predominant
préduct (9b%). This product;s nﬁr, ir and mass spectra matched those
obtained for.' the product from the hydrogenation of l—trimethylsilyl—l—
octyne by Pd/Ckand hydrogen. When the hydrometallation reaction product

was quenched with D,0, 80% of the produét contained deuterium according

2
to masé spectroscopy. NMRranalysis of the products showed that approx-
imatelj 90% (Table. 14) of fhe déuteriated compound was the cis-l-tri-
methylsilyl-2-deutereo-l-octene. This fesult is somewhat surprizing in
thét one would expect the aluminum to be adjacent to the more electro-
negative silicon atom.42 However, as shbwn earlier in Scheme 7, the
regiochemistry of the product is determined by formation of the inter;
mediate alkynyl titanium compound. The bulky tfimethylsilyl group
hinders the approach of the titanium catélyst and therefore 907 of the
newly formed titanium compound is located in the Z-position. An in-

dication of this is that a similar result was obtained when HAl(NEt2)2

was used as the reagent.
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Further Reactions With Carbonyl Compounds and Oxygen

In order to evaluate the extent to which further reactions (other

than reactions with D,0 or halogens) can be applied to the newly formed

2
hydroaluminated species, stoichiometric amounts of acetone, benzaldehyde
and benzophenone were added to the reaction mixtures and allowed to react
at room teﬁperature and at 30°C for an additional 24 hours. The results
are listed in Taﬁle 18. First, HAl(NPré)2 was allowe& to react with
acetone, benzal&ehyde, A—ETbutyléyclohexanone and benzophenone in a 2:1
ratio in benzene. The alane reduced the non-enolizable carbonyl com-
pounds , benzaldehyde and benzophenone, in 1007 yield to the corfesp0nd-
‘ing alcohols. However, acetone was reduced to yield 40% of isopropanol
with 35% of the startihg ketone'reéovered and the remaining ketone
presumably lost through condensation resulting from enolization. This
alane also reduced 47575utylcyclohexanone to provide 18% axial alcohol
and 82% equatorial alcohol in a 45% overall yield with 30% recovered
ketone. The relative ratio of alcohols is approximately the same as

AlH 43 in THF (19% axial alcohol). However, in benzene, HAl(NPr;)2 in a

3.
2:1 ratio of reagent to ketome provided 30% of the axial alcohol and 70%
of the equatorial alcohol in a 45% yield with 30% of the ketone recovered.
To a lesser degree, this result is remiﬁiscent of the trialkylaluminum
reactions in benzene compared to those in THF.

.When l-octene was added to HAl(NPr%)Z and allowed to react under
.hydrometallation conditions and then the reaction mixture added to
acetone or vice versa, there was produced only 5% isoproPanol,VZZ of the
addition product (2—méthyl—2-decanoi), and 7OZ.écetone. The analogous

reaction with 4-octyne produced essentially the same results. When
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benzaldehyde was allowed to react with the hydfometallated species formed
from the reaction of 1—o§tene or 4-octyne with HAl(NPr;)2 and Cp2T1C12,i
the major product was benzyldiisopropylamine (90%). When HAl(NEtz)2 was
used as the hydrbmetallating agent,90% of benzyldiethylamine was produced.
When benzophenone was allowed to react with HAl(NEtz)2 or HAl(NPré)z,
62% of the corresponding amine (PhZCHNRz) was produced in addition to 387
benzhydrol. Only a trace of the expected addition product was observed.
All products were determined by methoas discussed in the experimental
section. | |

These latter developments were only recently observed in this
study. Therefore more experiments must be carried out in order to
‘ldétermine the extent to which this reaction can be of synthetic ﬁtilify.
Stoichiometry, solvent, temperature and rate studies ﬁust be carried out
in order to maximize the pfoduction of the amine. Also, other enolizable
and non-enolizable carbonyl cbmpounds should be allowed to react under
these conditions along with the necessary control experiments. That is,,
independently prepared alkyl and alkenyl bis-dialkylaminoaluminum com-
pounds should be allowed to react under these conditions with and withoqt
the presencefof catalyst. If a catalyst is necessary then a survey of
catalysts should be carried out.

It is proposed that B-reduction by the newly formed RA1(NR2)2
2)2 of the carbonyl group takes

place first fofming an alcoholate which can then be displaced intra-

compound or direct reduction by HA1(NR

molecularly (a) or intermolecularly (b) (eq. 5). If this is the case,
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then aléohols should be allowed to react under these conditions which

would indicate if the alcoholate is indeed the intermediate. If aléohols

can produce tertiary amines under these mild conditions, it would repre=

-sent a major development since there are very few methods to prepare

amines from alcohols in one step without the use of exotic reagents and/or

drastic conditions.-4
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It is known that R_Al compounds undergo rapid oxidation with 02

3
to produce, on hydrolysis, alcohols19 or with CO2 to produce tertiary
alcohols or carboxylic acids depending on the reaction C—onditions.4

When oxygen or carbon dioxide was passed through the catalytic hydro-
metallatibn reaction mixture of l-octene and HAl(NPrg)z.in the presence
of Cp2TiC12, only octane was observed by glc after work up'with_saturated
ammonium chloride or 10% HC1l. The reason for this may be argued on in-
ductive electron withdrawing grounds. On thé electronegativity scale,47
carbon has a\value of 2.5 while the value of nitrogen is 3.0. This means
that nitrogen withdraws electron density from thé adjacent carbon atom
thereby strenthening the aluminum-carbon bond compared to R3Al compounds‘

(Figure 2). The electron donating abilitonf the NR, group by resonance

2

— "
N

stronger bond NRé
less reactive

than AlR3

Figure 2

is diminished because the orbital size difference between aluminum and
nitrogen prohibit good overlap thus the overall effect is inductive

~ explaining the lack of reaction of RAl(NR2)2 with o, or Oé. Credence

is given this supposition by the fact that when triethylaluminum in

Benzenevwas oxidized in the presence of 5 mole percent of Cp2T1C12,.

n~-propanol was prepared.
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"~ Survey of Substituted Alanes

As stated above, bis»dialkylaminoalanes in the bresence of 5 mole
percent sz'I.‘iCl2 proved to be an excellent reagent for accomplishing
catalytic hydrometallation. However, in order to study the scope of
reagents successful in this reaction, it was decided to investigate the
effects of other substituted alames on the“catalytic‘hyd:oalumination
of a representative olefin (e.g._l-octeng). Table 18 lists the results
of this investigation. ~As discussed above the b1s—dllsopropyl- and bis-
d1ethylam1noalanes produced high ylelds of l-iodooctane (80 and 867,
respectively) and octane—dl (93 and 90%, respectively) when quenched with
the appropriate reagent. The momno- and dichloroalanes under catalytic
hydroalumination conditioms produced 977 octane with 857% and 837 deuterium
incorporation, respectively. Sato, Eg_gl.,lg reported a 90% Yield of
hexane when A1H2C1 or AlHCl2 was allowed to react with l-hexene in the

presence of 2% TiCl4 at 15°C for 6 or 16 hours, respectively. Unfortun-

ately, these reactions were mnot quenched with D0, halogen,'etc. processes

2

which would indicate the extent to which the hydroaluminated species was

formed. The decrease in rate for HAlCl_2 compared to H2

Sato, Eg_gl.Lgc was also observed in the present work. We found that 2-5%

AlCl observed by

of szTiCI2 increased the rate of reaction compared to that observed by

Sato,lgb’C

but a relative rate decrease was also observed going from
HZAlCl to HAlClz, 2 and 6 hours, respectively. The relative decrease in
reaction rate maybe due to the electron withdrawing ability of the

chlorine atom which results in the strengthenlng of the Al-H bond (Figure

3) thus maklng it less reactive than AlH3 towards szTiCl as well as the
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Figure 3

transmetallation step described in Scheme 6. When two chlorine atoms are
present, the effect is even greater resulting in even a slower rate. This
effect is even noticeable when comparing HAl(NR2)2 compounds with HAIC1

47

The electronegativities of nitrogen and chlorine are equal (3.0 ");-

2'

however, because alkyl groups are attached to the nitrogen atom, the
effect is diminished somewhat by inductive electron donation, and there-
fore the Al bond is weaker and accordingly, more reacti%e, and thus
these reactions are complete in approximately 15 minutes. .In the case of
bie- 1,1,1,3,3,3-hexamethyldisilazoalane, this éffect is also observed.
When this reaction was quenched with iodine, both the l- and é—iodoéctane
- were produced in a relative ratio of 53:47 with a 90% yield, whereas, when
all of.the other reaétions were quenched with a benzene solution of iodine

ohly the l-iodooctane was obtained. This latter result maybe explained

,
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in the fpllowing manner,' On the electronégative scale aluminum, silicon
and nitrogen have values of 1.5, 1.8 and 3.0, respectively.47 Silicon is
a very good electron donor and the nitrogen is a good.electrop acceptor.

. Therefore, thg amount of electron density on the aluminum is not de-
creased as much as in the other cases discussed above. This results in a
_ more reactive H-Al bond. In Scheme 9, we proposed that there exists an
equilibrium Between the ﬁwo comblexes of the titanium hydride and the
olefin'(A/l and Az). If the formation of the titanium hydride or -the
transmetallation step depends on the reactivity of the alane, then it can
be seen that the more reactive the alane the greéter the possibility of

forming compound B, which would eventually lead to the formation of 2-

2
iodooctane. This, evidently, was the case with the disilazane derivative

reaction which was over in about 10 minutes at room temperature. Once

compounds Bl and B2 are formed, both are likely to undergo a transmetal=-

1 2

can produce the l- and 2-deuterio of iodoalkenes when quenched with DZO or

lation reaction with HAl(NR2)2 to form C. and C,. These products in turn

iodine.

When a more electronegatiﬁe atom such as oxygen (electronegative
value of 3.547) is incorporated into the reagent, the feaction is slowed
down even more because of a stronger and less reactive.HﬁAl bond which was
demonstrated for the H,A10Me, HAl(OMe)Z, HAl(OPri)2 and HAl(OBut)2
reagents., For the. alkoxy derivatives which were insoluble in THFrdr-
benzene only the monomethoxy reagent produced 10% octane after 24 hours
at room temperature and quenched with water. The diisopropoxy and di-t=-
butoxy derivatives which were more soluble in THF produced only a 15%

yield of octane.
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Hydromeétallation With LiBE

Recently Caubere and co-workers showed that NaH-RONa-MX_ systems

were capable of reducing halides,as’49 50,51

ketones, alkenes and alkynes.
However, these reactions were not catalytic, but did provide 75-95% of
the corresponding alkanes, alcohcls, alkanes and alkenes respectiveiy.

In our continuing studies of catalytic hydrometallation reactions, we
investigated the reactions of activated LiH with alkyl halides, caﬁbényl
compounds, alkenes and alkynes in the presence of catalysts. Table 19
lists the results of thé reaction of activated LiH and transition metal
halides with 4-t-butylcyclohexanone in 1:1:1 ratio. Without the transi-
tion metal halide oﬁly a 5% yield of the alcchols were obtained with 55%
being the equatorial alcohol. However, an equal molar ratio of VCl3 with
respect to LiH provided an 86% yield of the alcohols with 82% being the
axial isomer, FeCl, reduced 687 of the ketone providing 742 of the axial

3

alcohol. A catalytic amount of VCl, (5 mole percent) was added but under

3
these conditions only 3% of the alcohols were obtained with basically the
same stereoselectivity observed for the stoichiometric reaction.

‘ 3
other carbonyl substrates. The ketones (4—Efbutylcyclohe2anone, 3,3,5-

Table 20 represents the reactions of LiB¥Cl, in 1l:1 ratio with
trime thylcyclohexanone, 2-methylcyclohexanone and camphor) were reduced in
high yields with the gxial or exo alcochols predominant (78, 90, 92 and |
95% respectively). The aldehydes (hexanal and benzaldehyde) and esters
(ethyl benzoate and ethyl n-butyrate) Wére also reduced to their respective
alcoholé (95, 97, 93 and_QSZ) in high yields. In the case of ester re-

ductions, small amounts of the corresponding aldehydes were also observed.

When alkenes were allowed to react under similar conditions, only.
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the terminal alkenes (l-6ctene, 2-ethyl-l-hexene and methylene cyclo-
hexane) reacted to form.the corresponding alkanes in high yield (Table
21). Hoﬁever, none of the reactions produces high percentages (29 and
30%) of deuterium incorporation when quenched.with D20. Chanéing sol-
vents from THF to benzene had no effeét on the outcome.

| In an attempt to improve on the work reported by Caubere, we
decided to explore, in a cursory sense; the possibility of catalyfic

(5 mole %) hydrometallation using LiH or NaH. Table 22 summarizes the

s

results of this study.. Of all the transition metal halides surveyed,
szTiCl2 produced the most encouraging results when allowed to react with
activated LiH and a representative olefin, l-octene. A 777 yield of

_octane was produced, and if the reaction was quenched with DO, 50%

2
deuterium.incorporation was observed by mass spectroscopy. It was some-
what disappointing that NaH did not produce yields larger than 5% of
octane, because from an economic pbint of view, NaH is inexpensive énd
easy to handle.

If alkynes (Table 23) or enones (Table 24) were allowed to react

with LiHJVCl in 1:3 ratio, only starting material was recovered in all

3
cases after 36 hours at 45°C (except for the reaction of cinnaldehyde
which produced 90% of the 1,2 reduction.product). Evidently the other

enones either enolized or were tco bulky for reaction to take place.

Hydrometallation Reactions With
Main Group Complex Metal Hydrides

Sato, et gl.lg reported that titanium tetrachloride and zirconium
tetrachloride catalyzed the addition of lithium aluminum hydride to
olefinic double bonds to produce the organcaluminate.:. They reported,

for example, that l-hexene produced 997 n-hexane when allowed to react in
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THE at room tempgratureAfor 30 minutes in the presence of 2 mole % of
TiCl4. However, the reactions wesre not quenched ﬁith D20 a procéss
'whiéh would monitor the production of the hydrometallated intermediate.
When these reactions were quenche& with bromiﬁe, only 70% of the corre-
_sponding bromide was obtained in most cases. Therefore the product ob-
tained from the quenching of the reaction wiﬁh HZO was.misleading,

In order to clear up this question, we investigated the above
reaction in more detail. Lithium aluminum hydride, sodiqm aluminum
hydride, lithium trimethylaluminum hydride, sodium trimethylaluminum
hydride, lithium and sodium bis-dialkylaminoaluminum hydride and Vitride
(sodium bis(2-methoxyethoxy)aluminum hydride) were allowed to react with
a series of alkenes and alkynes in a ratio of alkene or alkyne to reagent

~of 2:1 in the presence of 2 mole % szTiClz; The results are listed in

Table 25, The catalyst used in this study was titanocene dichloride,

szTiClZ, because it worked so well in the previously studied hydro-
metallation reaétion with bis-dialkylaminoalanes. All of the hydrides
provided similar results. When allowed to react with terminal alkenes,
the reactions were over in 10 minutes at room temperature. After
quenching with D20,>the products were analyzed via mass spectrometry.

The mass spectrum of the products were compared to the mass spectrum of
the déuterated species obtained from quenching the corresponding Grignard
Reagents with D20. The % deuterium incorporation in the product was
considered an indication of the intermediate formation of hydrometallated
‘species. All terminal alkenes (l-octene, l-hexene, styrene, methylene-
cyclohexane, 2-ethyl-l-hexene and neohexene) provided high yields of

deuterium incorporation (95-100%) except for the neohexene reaction which
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only showed 55%.dguteriuﬁ incorporation. As for the bis~dialkylamino-
alumination reaction discussed above, ste;ic reasons are probably re-
sponsible for this result. Another observation in this study which
parallel the bis-dialkylaminoalumination reaction is that the overall
yield of the alkane decreased in the following manner: octane (98%)‘¢
" hexane (99%) > ethylbenzene (85%) > methylcyclohexane (70%) ~ 2-ethyl-
hexane (70%) > nechexane (60%).

The.internal alkenes (cis-2-octene, ¢is-2-hexene and trans-2-
hexene) once again showed great difficulty in becoming hydrometallated.
In all cases only low yields (1-5%) of alkanes wére observed. The
reactions were carried out as described above with the reaction time in-
‘creases to 36 hours. The reaction temperature was also increased to 60°C
but only small amounts of alkanes were observed (1-5%). Sato19 found

that the internal alkenes could be hydroaluminéted_if the reactions were

carried out for 120 hours at 60°C and in the presence of TiCl4 or ZrCl4.
_we were.hoping that sz'fiCl2 would provide mildér conditions, but un-
fortunately this did not happen.

For terminal alkynes, (l-octyne and phenylethyne) the same problems
associated with the bis-dialkylaminoalumination reactions namely the
deprotonation of the acetylenic proton, and further addition were very
prevalent in these reactions (See.Schemg 7). Oﬁly small amounts of
alkenes (3-10%) and alkanes (4-137) were observed. The starting alkyne
showed a great amount (85%) of deuterium incorporation when the reaction
was quenched with DZO' By lowering or raising the temperature, no major
effect was observed except that the rate was affected in the expected way.

Normally, all reactions were conducted at room temperature for 2 hours in
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a reagent to alkyne ratio of 1:2 in the presénce of 2 mole % of szTiClz.
By lowering the temperature to OOC, aftef 2 hours, only a trace of alkene

or alkane was observed. Aftef 12 hours, 107 (the same amount observed at -
room temperature) alkene and alkane were observed. Longer réaction times’
showed no improvement. .By raising the temperature to SOOC, the amount of

alkane increased to 30% after 30 minutes. After 2 hours 40% octane and

457 octene were observed. If the reaction was quenched with D0, the

2
productAincorporated only 50% deuterium. It was noticed by earlier
workers in this group that l-octyne and phenylethyne could be reduced to
l-octene (997%) and styrene (94%7) in high yields by LiAlH452 with catalytic
amounts of NiClZ.. Unfortunately deuterium analysis was not conducted.

.Therefore the author repeated this experiment and quenched it with D,0

2
after 48 hours at room temperature in THF. The amount of deuterium in-

corporation was only 15%,

The internal alkynes (4-octyne, 2-hexyne, phenylpropyne and l-tri-
methylsilyl-l-octyne) were allowed to react under the conditions described
above. 4-Octyne and 2-hexyne produced 99% and 1007% cis-4-octene and cis-
2-hexene respectively with 1007 deuterium incorporation for both. The nmr
spectrum of the product from 2-hexyne showed a 53:47 ratio of 2-deuterio-
to 3-deuteri0ﬁgi§;2-hexene. When thiS'réaction wds.quenched with a
benzene solution of iodine, 95% of the Eorresponding vinyl iodo-compounds
weré obtained. For the 2-hexyne feactipn; a 51:49 ratio of 2-iodo- to 3-
iodo-cis~-2-hexene was obtained. For the phenylpropyne case, 15% l-phenyl-

propane, 70% of cis-l-phenyl-l-propene and 15% 3-phenyl-l-propene weré ob-
tained under these same conditions. The 3—phenyl—1—p50pene contained 85%

deuterium and the phenylpropane contained only 55% deuterium..  These
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results indicate pbtentiél for the production of vinylaluminates which
have been shown to undergo further reaction with COZ’ cyanogen and
halogens to form o, B-unsaturated nitriles and vinyl halides.52

As noted earlief, the terminal octyne reactions were not clean.
Therefore, l-trimethylsilyl-l-octyne was prepared by the reaction of 1-
octynyllithium with chlorotrimethylsilane as described earlier. When this
alkyne was allowed to react under similar conditions, the reaction was
slow even at 60°C. The best results were a 35% yield of cis-l-trimethyl-
silyl-l-octene.(GSZ deuterium incorporation) and a 157 yield qf l1-tri-
" methylsilylhexane (20% deuterium incorporation).

In conclusion, these hydroalumination reactions work very well fof
‘terminal alkene and internal alkynes but not for internal alkenes and

terminal alkynes. An interesting observation which is a result of this

work is that the regiochemistry involved for both the bis-dialkylamino-

élane and aluminate reactions is approximately the same. This indicates
that the regiospecific step must be the same for both reactions. There-
fore it is logical to suggest that the complexation of the intermediate
titanium hydrido compound or formati@n of the alkyltitanium compound.is
the rate determining step after which the subsequent steps of Schemes
1,2 and 3 follow.

Reductions Using HCo(CQ)ﬁ

Because of the nature of our research, we thought it would be
appropriate to continue our search for stereoselective reddcing agents by
investigating the reduction of ketones, aldehydes, enones and alkyl
halides by transition metal hy&riqes sﬁch as HCo(CO)4v(easily prepared

‘from dicobalt octacarbonyl). Dicobalt octacarbonyl [Co(CO)4]2, was
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prepared according to a procedure by Orchin.53 Cobalt carbonate was

2CoCO, + 2H, + 8CO > [Co(C0)4]2+-2H20 + 2c¢o,
‘heated to 160°C (with hydrogen and carbon monoxide in an autoclave
pressurized to 3,500 psi) for 3 hours. Dicobalt cctacarbonyl pfepared
in this manner was first allowed to6 react with distilled pyridine to form
the pyridine adduct which after further reaction with concentrated sul-

furic acid produced cobalt hydrocarbonyl, HCo(C0)4. The hydride formed

+ 12 CHN > 2 [Co(CgHoN) [Co(CO)

3 [Co(C0)4]2 5t

4].2 + 8 Co

2 [Co(C HN) ][Ca(CO) + 8 H,50, > & Ho(CO), + 2 CoSO

4]2 & 4

at 0°C and was distilled quickly by bubbling CO through the solution and
trapped in a liquid nitrogen trap; however, carbon monoxide also condensed
under these conditions. The CO was then allowed to evaporate slowly |
leaving behind the HCo(CO)4 which was dissolved in hexane and stored at
-78%,

Hydrogenations of.organic compounds are very well documented under

54,55

.56
"oxo process" conditions. Goetz and Orchin” have reported that

when a,B-unsaturated aldehydes and ketones are treated with HCo(CO)4 under

n "

oxo" conditions, the alefinic linkage is reduced rather than hydro-
formylated. They.also showed that H_Co(CO)4 in hexane reacted with
saturated aldehydes at room temperature to give the corresponding alcohols

at a rate much slower than the reactions with olefins under the same

+ 6((:5}151\1}1).2504
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conditions., Thus it might be suspected that thé f8duction of saturated
ketones would also be slow. Hoﬁéver, we wénted to observe thé stereo-
selectivity of HCo(CO)4 towards d—Erbutylcyclohexanone and Z—methylcyclq—
hexanone under various conditions (Table 26). We found that the reduction
at -ZOOC, OOC, RT and 45°C for l2 héurs produced only 0-5% of the corre-
sponding alcohols with an axial to equatorial ratio of 53:47 and 60:40,
respectively. When the reactions were carried out at 45°C,'decomposition
of HCo(CO)4 became very rapid. At the other temperatures, the reduction
of the ketones took pléce very slowly. It was anticipated that this re-
duction would be stereoselective; however, this was not the case.
Evidently, the reaction gqesvthrough'a'pathway suggested by Orchin
and Goetz56 for aldehydes and a,ﬁ-unsaturatéd aldehydes éndvketones
(Scheme 10). A semiquantitative kinetic study of these reagents in

which the hydrocarbonyl disappearance was measured by a simple titration

technique discussed in the Analytical Section indicates that the reac;ions
are first order with respect to hydrocarbonyl. The hydrocarbonyl appears
to funcﬁion as a hydride‘donor.

The electron-releasing properties of alkyl groups should help to
stabilze the gdmplex AA(Scheme 10) éinée cobalt is electron withdrawing.
Therefore as the stability of the complex increases the reactivity of the
.subsequent reducing step decreases and thereby 16Wering the yield of
alcohol as was oBservéd.

© Simple and Complex Metal Hydride Carbonylations

There is currently intense interest in catalytic reactions of
carbon monoxide and hydrogen. Mechanistic considerations suggest that

formation of the first C-H bond may be the key step. Casey and Neumann57
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Scheme 10: Proposed Mechénism for the Reduction of Ketones with HCo(C0)4.
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have suggested that insertion of CO into a metal hydrogen bond is not a

feasible transformation. An alternative would be nucleophilic attack by

a hydride on a coordinated carbonyl. Such reactions lead to formyl,58

60.61

hydroxymethyl59 and methyl complexes using boron hydride reagents. A

catalytic process involving such a step would require a transition metal
hydride capable of exhibiting hydridic character, which has been observed
only for several complexes of titanium62 and zirconium.63 Examples of

65,66

the reduction of CO to methane64 or to alcohols have recently been

reported.

Bercaw, et. al.65 used metal clusters, Os'3(CO)12 and-Irl}(CO)12 td
catalyze the reduction of carbon monoxide to methane at 140°C and ~ 2
‘atmospheres. They also observed‘stoichiométric H, reduction of CO to
SMeS)er(CO)Z' The inter-

mediate compound was determined to be (nS—C

methoxide under mild conditions with (nS—C

5MeS)ZZr(H)(OCH3) which when

ZrCl,, H, and CH,OH.

22 2 3

Huffman, et al.64 reported a homogeneous hydrogenation of carbon

hydrolyzed with aqueous HCl leads to(nS—CSMeS)2
monoxide to methane using szTi(GO)Z. When the titanium carbonyl complex
was treated with a mixture of hydrogen and carbon monoxide t3:1 mole
ratio, 1 atm at ZSOC) at ISOOC, methane was produced. However, the
reaction was not catalytic in titanium.

Schwartz and Shoer®® reported that i-Bu,AlH (DIBAH) in the

2
presence of CpZZrCl2 as a catalyst will reduce CO at room temperature

and 1-4 atm to give, on hydrolysis, a mixture of linear aliphatic alcohols

(equation 6). The DIBAH rapidly forms a complex é_with Cp,2rCl, which
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/H———-A\l\Bu;
A e .
Cp,2rCl, + 3 DIBAR - Cp,ZE—H /(:1
Ng—Alpul
2
A (6
1) co Y CH30H + CH,CH,0H  + CH3CH2CH20H 4 eenee

H

2) 30* .
+ >—:_

. /

can readily absorb CO and upon hydrolysis provide a mixture of alcohols.
They suggested a mechanism in which DIBAH dissociated from A to provide
~ a vacant coordination site on Zr. After CO was coordinated to the Zr,
reduction of CO could occur by H migration from Zr or by attack by Al-H

to form compound B. The chain propagation or termination stéps were

suggested to occur according to eQuation 7.

(A1)—0—(A1) + (Zr)—CH,,—R — G0 3 et

_ chain

propagation

' -B——(AD)
R . ' _
(Zr)—LH—O——(Al) - ' - D
’ chain )
B—(Al) termination

(Zr)—H + (A1) —O0——(Al)
T S TH
‘R

co
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Rathke and Feder67 have also reported thé’%foduction of alcohols
(methanol, ethanol and propanol) and formates (methyl and ethyl) using CO
and hydrogen in the preéence of cobalt octacarbonyl in p-dioxane at'182°C
and 300 atm presumably due to the production of HCo(CO)4 which can react
with CO and incipient radicals.

Based on this backgrqund and our work, we thought that it would be
possible to accomplish the above'reSults.using CO and simple or complex
metal hydrides (a source of hydrogen, HZ) in the presence of a transition
metal halide catalyst such.as szTiClz. |

When we first started this Work; we allo&ed lithium aluminuﬁ
hydride, sodium aluminum hydride, aléne, sodium hydride and activated
lithium hydride in the presence of 10 mole percent of various transition
TiCl

metal halides (CpZTiCl NiCl

2° 4 2 2

to react under 4000 psi of 99.5% carbon monoxide obtained from Matheson

CoCl, and FeClB) in THF or benzene

Gas Products (Table 27), The only product observed was methyl formate.

However, upon further investigation it was discovered that methyl formate

was present in the carbon monoxide cylinder. It may be safe to assume
that the methyl formate was formed inside the iron cylinder under pres- .
sure because the methyl formate was not listed as an impurity by the
cbmpany. This reasoning raises the hope that methyl formate can be
prepared from CO in the ﬁresence of a catalyst and hydrogen.

According to the literature, numerous reports68 describe the pre-
paration of methyl formate from CO and H2 with metal catalysts and/or -
base in small to modest yields. However, we have as yet not been able
to accomplish this transformation. -During our investigation we were also

hoping to observe methanol, ethanol, propanol, ethyl formate, formic acid
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i

or acetone which have all Beén reported in the iiférature as minor pro-
ducts, but these have also eséaped our detection (Table 27). Anbtﬁer
- possibile product would be methane, but we were not set up to detect it
as a reaction product and therefore are notrsufe whether -or nEt it was

formed in the above reactions.
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CHAPTER IV

CONCLUSION

During our investigation, we discovered that terminal alkenes and
internal alkynes are reduced rapidly and in quantitative yields by

HAL(NR LiAlH,, NaAlH,, LiAlMe H, NaAlMe,H, LiAlH,(NR,),, NaAlH,(NR,),

CHZOCH3),> in the presence of a catalytic amount

2)2, 4,

and Vitride, NaAle(OCHz

of szTiClz. When these reactions were quenched with D20 or Iz,excellent
yields of the corresponding deuterium or iodo compounds were obtained in
most cases. However, when benzaldehyde or benzophénone‘were allowed

to feact with bis-dialkylaminoalanes, the corresponding tertiary émines
were obtained in excellent yields. This result may also indicate that
alcohols may be converted to'tertiary amines; however, this possibility
was not tested.

Internal alkenes and terminal alkynes did not react répidly or
regibselectively when ﬁixed with Al1-H cﬁmpounds in the presence of
szTiClz. However, for the terminal alkynes this situation was remedied
by preparing the corresponding'l—trimethylsilyl.derivative which reacted
under hydrometallation conditions to provide the hydrometallated species
in good>yield. The trimethylsilyl group could then be removed by acid.
Unfortunately, longer reaction times and higher temperatures were needed.

The reactions of carbonyl compounds, alkenes, alkynes and enones

with activated LiH in the presence of transition metal halides were also
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investigated. However, reduction of‘the starting materials was accomp-
lished only when stoichiometric amounts of VCl3 were added to the reaction
mixture. . Reduction of a representative carbonyl compound, 4-t-butylcyclo-
hexanone, produced 82% of tﬁe axial alcohol in 867% yield. Al&ehydes were -
reduced to their respeétive alcohols in high yields. (95-97%). Esters
were reduced to the alcohols in high yields (93-95%) with small amounts
(5-7%) of the aldehydes produced as well. Alkynes did not react. The
only o,B-unsaturated carbonyl compound to react waé cinnaldehyde which
produced 90% of the 1,2 reduced product only. Only the‘terminal olefins
reacted under these conditions. 1-Octene was reduced in 77% yield with
LiH in the presence of CPZIiClz.

When simple and complex metal hydrides were allowed to react with
CO under high pressure in the presence of szTi012, TiCl4, NiClz, CoClé
or FeCl3; no products other than starting materiai were detected.

The reduction of ketones by HCo(CO)4 was'aléd investigated. It
was observed that ketones react very slowly with HCo(CO)4 and with very
little stereoselectivity.

'This project encompassed many aSpe;ts of hydrdmetallation reactions
and it has generated more interesting investigations, such as the for-
mation of tertiary amines from aldehydes, ketones of alcohols and the

continuing investigations in the areas of carbonylation of metal hydrides

and the non-isomerized hydrometallated internal olefins.

During our investigations, we discovered an excellant hydrometal-
lation system which consists of bis-dialkylaminoalanes, HAl(NRz)z, in_the
presence of a catalytic amount of tranéition metal halide‘[gﬂg; bis-
(cyclopentadienyltitanigm dichloridé, Cp2TiClz]. Since HAl(NRZ)z2l com-

pounds can be prepared by the reaction of aluminum metal, hy&rogen and
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dialkylamine in a one step fekaction in quantitdtive yield, and since the
resulting compounds are soluble in hydrocarbon solvents as well as
ethers, these hydrometallating agents should be both versatile and

economically attractive.
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Table 8. Reactions of 1- Octene with HAl(NPr 5. 1n the Presence of 5 Mole
Percent Catalyst and Quenched w1th2D

C
% DEUTERIUM

CATATLYST o : OCTANE'(Z)b' ~ INCORPORAT JON
TiCl, 95 65
TiCl4 ‘ 97 80
VCl3 10 -0
CrCl3 0
MnCl2 3 0
FeCl2 5 0
FeCl3 | 0
CoC12 N 99 10
NiCl2 99 10
Cp,TiCl, 99 _ 93
Cp22rC12 _ 5 95
CpNi(dep)Cl e 99
Ni(acac)2 5 ' 0
Ni(PEt,),Br 90 |
Allyl-Ni(dep)Br o 81 , 10
Polymer bound Bénzyl—
titanocene dichloride - 99 0

2VCl2 15 2
Cul 0
Zn]}r2 0

a) All reactions were carried out in benzene at RT for 30 minutes under an
argon atmosphere. '

b) Yield of octane (d, + dl) was determined by glc using hexane as the
-internal standard.

¢) Percent deuterium incorporation = d /(d + d ) X 100 as determined by
mass spectroscopy.
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Table 9. Reactions of l1-Octene with HAl (NPr

2)2 1n the Prgsence of 5 Mole
Percent szTiCl2 and Quenched with DZO.‘a
TEMPERATURE ~ TIME (1) DEUTERIOM :
o) - (min) SOLVENT ~  ATMOSPHERE ~ ° INCORPORATION -
RT . 60 THF N, _ 78
RT 60 THF Ar . 87
RT 60 Benzene N, 88
RT 60 Benzene Ax 93
40 10 THF N, 75
40 10 THF Ar 85
40 10 Benzene N, 88
40 10 Benzene Ar . 93

a) The yield of octane was 99% in all cases.

b) Percent deuterium incorporation = dl/(d0 + dl) X 100.
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Table 10. Reactions of Alkenes with HAL (NPI:;)2 and 5 Mole Percent of
Cp2T1C12 and Quenched with D,0. :

2
HYDROLYSIS . . % DEUTERTUM ©
ALKENE , " PRODUCT " (%) ’ ' " INCORPORATION
d |
1-Octene Qctane (99) 93
cis=-2-hexene ) Hexane (99) 83
trans-Z-hexene Hexane (96) : 81

O: | O- (99) 72

A4 : : _ ., ,
) 4 t BuCHzC} 3 (99) 10
e _
Bu H
, _ Et : JEt
H.C=C _ CH,C (97) 75
2 ~ B 3 | \
u H Bu :
3 iy
2-Methylbutane (trace) ' . —
CH3 . :
Me Me te Sle
N . He—C—C-H (0) -
SN
Me Me He \Me

H

\ : v )
_ , , e
Cy—c=cn, O engen, o
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Table 10. (continued)

a)

b)

c)

d)

e)

o . ) o
All reactions were carried out in benzene at 60 C for 12 hours.

Yield was determined by glc using hexane as the internal standard
except for cis- and trans-2-hexene, neohexene and tetramethylethylene
when octane was used. The only other compound observed was that of
starting material, if any.

Percent deuterium incorporation = dl/(d0 + dl) X 100 as determined by
mass spectroscopy. ‘

Reaction was over in 15 minutes ar RT.

90% of the deuterated ethylbenzene was determined to be PhCH(D)C
with PhCHZCHZD accounting for the other 10%. :
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~ Table 1l. Regioselectivity in the Reaction of HAl(NPr;)2 with Alkenes in

the Presence of 5 Mole Percent Cp,TiCl, as Determined by

Quenching with a Benzene Solution of Todine.?

ALKERE

1-Octene
l1-Hexene
Cis~2-hexene
Trans—Z—hekene

3-Hexene

PRODUCT (%)

b

l1-Jodooctane

1-Todohexane

l1-Todchexane
l1-Todohexane

Iodohexane

(80)
(80)
(75)
(75)

(72)

1- ,
2 + 3-Todohexane (5)

' . . . ' o
a) All reactions were carried out in benzene for 24 hours at 58 C
except for l-octene which was complete in 15 minutes at RT.

b) Yield was determined by glc using dodecane as the internal standard.
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Table 12. Reactions of Dienes with HAl(NPr ), in THF Qr Benzene at. Room

a)

b)
c)

d)

Temperature for 12 Hours in a D1ene/hAJ(dPr2)2 Ratio o€ 1:2
and Quenched with D,0. '
'RECOVERED_ . 7 DEUTFRIUM
DIENE: ' SOLVENT DIENE (%) PRODUCTS {%)  INCORPORATION
A\ THF 40 A

L_/

4¢3»£:; Benzene 42 N —Z
/\//

TEF or

{ﬁp\jfxy// Benzene 45

d
AT THF 10 80 75
_{;:\,/\/ 10

4ﬁ$”’\v¢9 Bgnzene 10 [::>’~_ 90 90

Yields were determined by glc with octane as the internal standard.

Yields of products (d, +d, +d, + ***** ) was determined by glc using
octane as the internal standard. o

By nmr and mass spectroscopy, percent deuterlum incorporation =
d /)d +d ) X 100,

Percent deuterium incorporation = d /(d -+ dl +d ) X 100 as deter-
mined by mass spectroscopy.
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- s X . . » . . ) ’ a
Table 13. Reactions of Cis-2-Hexene and HAl(NPrl) with V%r%ous Catalysts
‘ and Quenched with a Benzene Solution 6f Todine. ’

CIS-2- TRANS-2- - 1-I0DO 2-10D0
" CATALYST HEXENE (%) HEXENE (%)  HEXANE (%)'"'HEXANE'(Z)"HEXANE(%)

TiC1, 20 15 10 55 0
TiC14 19 13 12 56 0
VCl3 : 93 2 0 0 0
CrCl3 .93 2 0 0
MnCl2 95 3 2 0 _0
FeCl, 70 20 10 0 0
FeCl3 75 13 12 0 0
cO012 0 1 99 0 0
NiCl2 0 1 99 0 0
szérCIZ 90 2 5 3 Q
Cp.,TiCl 8 12 5 75 0
2 2d . . '
szTiCl2 : 85 15 trace 0 0
Cphi(Ph3P)C1 3 0 97 trace 0
Ni(acac)2 - 90. 0 10 0 0
Ni(PEt3)2Br2 10 0 90’ 0 0
Allyl Ni(dep)Br 15 0 85 2 0
CpZVCl2 90 3 7 0 0

~a) 5 Mole % in benzene .

b) All reactions were carried out in benzene at 60°C for 24 hours.

c) Yiclds were determined by glc with octane as the internal standard and
normalized by % cis-2-hexene + trans-2-hexene + hexane + l-iodohexane + 2-
iodohexane = 1007%.

d) Reaction was carried out in benzene or THF at RT for 24 hours which was
monitored every 3 hours by glc.



| v_m_Tva.ble' 14, Reactions of Alkyneg with HAl(NPr;)VZ and 5 Mole Percent Cp2T1C1

2 in an Alkyne/Alane
Ratio of 1.0:1.02. .
ALKYNE _WORK UP~ - -~ - popycrs® - - - g viED
1--Octynec D20- Octane-d0 + Octane—d1 + Octane-—d2 + Octane-d3 54
| 45 22 18 15
l-Octene—do + 1—Oc:tené—d1 ' ‘ 46
22 78 | |
1-Hexyne © DZO Hexane—d0 + H'e&cane—d1 + }lacarle—d2 + Hexane—d3 49
41 23 19 17
1-Hexene-d, + 1—Hemene—d1 51
18 ' 82
2~-Octyne , D 20 ' Octane-d 0 ' : 10
' 'Cis—2—0ctene—do + Cis—2—0c'tene-d1 ) 90
3 97
" Trans-2-Octene ‘ _ - Trace

921



Table 14, (Continued)

ALKYNE WORK UP - " PRODUCTS % YIELD
2-Hexyne | DZOl Hexane 5
‘ Cis—Z—Hexene—do +'Cis—2—Hexene—dl 9%
4 96
'Tfans—Z—Hexene 1
I |
I, %c:-_c\/I : + \,c:_c( 82
# ] ”
- PY Me Pr ‘Me :
53 47
Ph—C.=_-‘.C—CH3 DZO 1-Phenylpropane | 3
D D ‘
5@5&’ + >E<<: - 95
Ph \1e PH e
10 90 '
H\ e
— 1

Ph

121



b)

c)
d)

Table 14. (Continued)"
ALKYNE WORK UP 'PRODUCTS " ° % YIELD
. d -
Hexyl—CEED—Sﬂﬁe3 DZO Hexyl—CHZCHZSiMe3 5
“\ /] N
+ =T, 87
Hexyl Hexyl iMe3
10 90
Ph (H)
Ph~C=—(~Ph 0 N /) 4
t D, N
H h
D
95
Ph h

All reactions carried out in benzene at RT for 1 hour and quenched with D

of iodine.

20 or a benzene solution

Yields were determined by glc and are based on alkyne and/oroctane as the internal standard. The
relative ratios of lsomers were determined by NMMR using benzhydrol as the internal standard.
Reaction carried out at 0° C for 8 hours.
Reaction carried out at 45°C for 12 hours,

821
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15. Reactions of 2-Hexyne with HAl(WPrz) and szTiCI2 in
1.0:1.02:0.1 Mole Ra*lo a

2-HEXYNE HYDROLYSIS PRODUCTS TRANS-2- D INCORPOR-

(hr)

16
- 16

 b)
c)

d)

RECOVERED (%) HEXANE (%) CIS-2-HEXENE (%) HEXENE (%) ATION (%)

17 : ——— -

74 7

72 8 20 — 95

62 8 30 trace 96

53 8 39 : trace 95

30 8 ' 62 ) trace © 95

15 10 73 3 g1
0 23 47 in . 5

. . . o
Reactions were carried out in benzene at 0 C under an argon atmo-
sphere and quenched with D20.

Yield was determined by glc using octane as the internal standard
and normalized (%) 2-hexyne + (%) hexane + (%) cis-2-hexene + (/)
trans-2-hexene = 1007%.

Percent deuterium incorporation = dl/(d0 + dl) X 100 as determined
by mass spectroscopy.

The temperature was allowed to increase to room temperature.
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i, .
Table 16. Reactions of 1-Octene with HAL(NPr )2—C32T1C12: Effect of
Temperature and Catalyst Concentration.

MOLE %  TEMPERATURE TIME b e
Cp,TiCl, (c) (hr) OCTANE (%) D INCORPORATION (%)
5 58 2 100 88
10 58 . 1 100 83
20 - 58 0.25 100 ' 86
5 25 12 - 100 TL

5 25 1.5 10 -

a) Reactions were carried out in benzene under a nitrogen armosphere
and quenched with D20.

b) Yield was determined by glc using hexane as the internal standard.

¢) Percent deuterium incorporation = dl/(d0 + dl) X 100 as determined
by mass spectroscopy. '

d) The percentage of deuterium incorporation increased to 93 when the
reaction was conducted under an argon atmosphere and was complete
in 15 minutes which was a distinct improvement over the nitrogen
experiments.



Table 17. Reactions of the Hydrometallated Species with Carbonyls or Oxygen or Carbon Dioxide in Benzene

at Room Temperature for 24 Hours.?

: CARBONYL
ADDED RECOVERED REDUCED ADDITION OTHER
REAGENT , CARBONYL CARBONYL (%) CARBONYL (%) PRODUCT (%) PRODUCTS (%)
: HAl(NPré)2 © Acetone (35) "(40) Isopropanol e
. Benzaldehyde - (0) (100) Benzyl Alcohol - e
Benzophenone (0) (100) Benzhydrol -_—_ e
(THF) (30) (45) Axial Alcohol (18)
Eq. Alcohol (82) - ———
(Benzene) (30) -(45) Axial Alcohol (30)
Eq. Alcohol (70) -—_ emem——
HAl(NPr:;)2 Acetone (70) “(5) 2 e
+ Benzaldehyde 0) (10) Trace ¢CH2NPr; (90)
1-Octene . , i -
Benzophenone (0) (35) Trace ¢20HNPr2 (65)
HAl(NEt2)2 Acetone (65) (5) 2 meem—-
+ Benzaldehyde (0) (10) Trace ¢CH2NEt2 (90)
1-Octene
Benzophenone (0) (38) Trace ¢ZCHNEt2 (62)

1¢€1



Table 17.’ (antinued)

CARBONYL

ADDED RECOVERED . REDUCED ADDITION OTHER
REAGENT CARBONYL CARBONYL (%) CARBONYL (%) PRODUCT (%) PRODUCTS (%)
HAl(NPr;)2 Acetone (66) (5) 1 -
+ Benzaldehyde (0) (10) 3 $CHNPEZ  (90)
1-Octene ‘ i
' Benzophenone (0) (37) 3 f,bZCHNPr2 (63)
i
HAl(_NPrZ)2 O2 No Reaction
Co, No Reaction

2

a) Yields for the acetone reactions were determined by glc based on added carbonyl. Yields for the
benzaldehyde and benzophenone reactions were determined by NMR using acetone as the internal

standard.

ZET:
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Table 18. Reactions of l-Octene with Substituted Aianes in the Presence
in Benzene at Room Temperature for 12

a)
b)
c)

d)

of 5 Mole 7 szTiCl2

Hours.
Alane Rbrk Up Product (%)a
HAl(NPr;')2 12 1-Iodooctane (80)
D20 Octane—d1 (93)
HAl(NEt2)2 ' 12 l1-Iodooctane (86)
D20 Octane-—d1 (90)
HAl[N(SiMea)z]2 12 l1-Iodooctane (53)
_ , , 2-Iodooctane (47)
D20 Octane—d1 (93)
H2A1Cl 12 " 1-Iodooctane (70)
D20 ‘Octane-dl (35)
HAlCl2 12 l-Iodooctane (68)
D20 Octane--dl (83)
b, ¢ .
H2A10Me 12 1-Iodooctane (10)
D20 Octane--d1 (10)-
b, c
HAl(OMe)2 12 l1-Iodooctane (0)
D20 Octane--d1 (0)
HAl(OPrl);’d D, 0 Octane-d; (15)
HAl(OBut); »d D,0 Octane-d, (15)

Yields were determined By glc based upon l-octene.

Insoluble

The reagents were prepared in THF but it was removed by vacﬁum and
replaced by freshly distilled benzene.

This procedure was repeated

three times. According to glc, only 5-10% of THF remained.

Slightly soluble
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Table 19. Reactions of LiH and Transition Metal Halide with 4-t-Butyl-
cyclohexanone in a 1:1:1 Ratio at Room Temperature for 24
Hours in THF. )

TRANSITION AXT1AL? EQUATORIAL?

METAL HALIDE ALCOHOL (%) ALCOHOL (%) YIELD (%)
None ) 45 55 5
CrCl, 83 17 8
MnCl, 0
FeCl2 0
CoCl2 0
NlCl2 0
TiCl, 61 39 41
Vel 82 \ 18 . 86
FeCl, » 74 ' 26 . 68
Cp,TiCl 65 35 : 27

2,772 _
vCl, 80 20 3

a) Yields were determined by glc based on internal standard.

b) Only 5 Mole % of VCl3 was added. .

c) When this reaction was allowed to take place in benzene, an
80% yield of the alcohols was obtained with the axial alcohol
consisting 79% of the total.



Table 20. Reactions ofAéarbonyl Substrates with LiH:VCl
for 36 Hours in a Mole Ratio of 1l:3.

RECOVERED AXTAL OR EXO

3

FQUATORIAL OR

135

in THF at 45°C

ENDO ALCOHOL (%3} YIELD )

SUBSTRATE SUBSTRATE (%) ALCOHOL (°/o)a

11 82

3 90

0 92

7 3 95

Benzaldehyde : 0 Benzyl Alcohol
Hexanal 0 Hexanol
Ethyl Benzoate 0 Benzaldehyde
Ethyl Butyoréte 0 Butanal

18

10

97

| —

86

90

90

95

97

95

7 Benzyl Alcohol 93 95

5 Butanol

a) Yields were determined by glc based on internal standard.

95 95
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Table 21. Reactions of Alkenes with LiH:VCl. in THF at 45°C for 36 Hours
in a Mole Ratio of 1:3 and Quenched with D20. o

RECOVERED a b

SUBSTRATE SUBSTRATE (%) CALKANE (%) D INCORPORATION (%)
1-Octene 0 Octane (95) 30
Cis-2-Hexene 100 Hexane (0) = ~——————wr
Trans-2~Hexene 100 Hexane (0) [ ——
2-Ethyl-1-Hexene 5 3-Methylheptane (95) 29
Cyclohexene 100 Cyclohexane (0) C mm———————
1-Methyl-1-
cyclohexene 100 Methylcyclohexane (0) = —=——————u—
Methylene- .
cyclohexane 7 Methyleyclohexane (93) 30

a) Yields were.determined by glc based on internal standards.

b) Percent deuterium incorporétinn = dl/(c_l0 + dl) X 100 as determined
by mass spectroscopy. '
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Table 22.  Reactions of LiH and NaH with 1-Octene in the Presence of
' Catalytic Amounts of Transition Metal Halides in Benzene

at Room Temperature for 24 Hours and Quenched with DZO'
METAL 5 MOLE % RECOVERED a b
HYDRIDE CATALYST 1-0CTENE (%) OCTANE (% D INCORPORATION (%)
LiH VCl3 _ 94 Trace S mem—
Cp,TiCl, ' 18 ' 77 50
TiCl4 : 33 59 45
FeCl3 74 25 : <5
NiCl2 70 27 <5
CoCl2 65 32 <5
NaH vel, 97 ' 0 _—
Cp2T1C12 94 5 : ——
TiCl4 97 , Trace , —
' FeCl, 97 ' : 0 —
NiCl2 97 Trace —————
CoCl2 97 Trace ————

a) Yields were determined by glc and based on hexane as the internal
standard.

b) Percent deuterium incorporation = dl/(d0 + dl) X 100 as determined
by mass spectroscopy.
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Table 23. Reactions Jf Alkynes with LiH:VCl, in Benzene at 45°C for 36 _
Hours in a Mole Ratio of 1:3 and Quenched with D,O0.

RECOVERED . ALKANE OR

Phenylethyne

SUBSTRATE SUBSTRATE (%) ALKENE (%) D INCORPORAiION (Z)b
1-Octyne 100 | 0 -0
1-Hexyne 100 o 0
2-Hexyne _100 | ' 0 | bO
1-Phenylpropyne 100 o ' 0 | 0
" Diphenylethyne 160 | ’- o 0
100 o 0 0

a) Yields were determined by glc and based on an internal standard.

b) Percent deuterium incorporation = dl/(do + dl) X 100 as determined
by mass spectroscopy. -
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Table 24. Reactions of Enones with LiH:VC1l, in Benzene at 45°C for 36

Hours in a Mole Ratio of 1:3.

1,2-REDUCTION

» RECOVERED 1,4-REDUCTION  TOTAL
_ ENONE' " ENONE (%) '~ 'PRODUCT (%) ® ~ PRODUCT (%) REDUCTION (%)®
/\/ﬂ\ 10 90 0 0
. N
0
/\)J\ 10 0 0 0
><\/ﬂ7< 100 0 0 0
/\/& 100 0 0 0
Ph Ph

a) Yields were determined

by gle based on internal standards.



140

Table 25. Reactions of Compléx Aluminum Hydrides with Olefins and
Alkynes in the Presence of 5 Mole % Cp,TiCl, in THF for

Two Hours in a Mole Ratio of 1:1l and Quenchéd with DZO.a

COMPLEX
ALUMINUM UNSATURATED b .
HYDRIDE HYDROCARBON PRODUCTS (%) D INCORPORATION (% )C
LiAlHa l—()‘c:tened Octane (98) ’ 99
l-Hexene . v Hexane (99) 100
Styrene © o Ethylbenzene (70) 100

o~ O
t . 't _ '
4 H3Gf€—ll (70) 95

Bu Bu
){ 7{ (60) 55
Cis-2-Hexene Hexane (5) -
Trans-2-Hexene Hexane (5)' -

@ | O (3) -
S O -



141

Table 25. (Continued)

COMPLEX _
ALUMTINUM UNSATURATED : b _ ¢
" HYDRIDE =~ " HYDROCARBON =~ PRODUCTS (%) D INCORPORATION (%)
LiAlH4 . 1-Octyne Octane (&) -
+
I-Octene (3) | —
Phenylethyne Styrene (10) -
‘ +

Ethylbenzene (13) . —_—

4-Octyne Cis-4~Octene (99) 100

2-Hexynef " Cis-2-Hexene (99) 100

PhC=C-Me PhCH,CH,CH,  (I5) 55
+

D>c: C/H+H\“ (70) g5
Ph Xﬁe 'e( Me _
90 '

10
+
PhCHZCH:CHZ (15) 85
Hexyl~C=C-SilMe, Hexyl—CH,CH,SiMe, (I5) 20

+

H l‘ //ﬁiMe3
ex3.::c\ 35) 65
H H
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Table 25. (Continued)

COMPLEX :
ATLUMINUM. : UNSATURATED ) , b : - c
HYDRIDE HYDROCAREBON “PRODUCTS (%) D " INCORPORATION (%)
LiA]MeBH 1-Octened Octane (98) 100
1-Hexene Hexane (98) 100
Styrene °© ‘Ethylbenzene (73) 94

O~ O @ -
. . .

:4. HBG_é.II (71) 95
Bu B

J1 8

\‘ <———-— _ ~ < ) (58) 53
Cis-2-Hexene Hexane (6) -
Trans-2-Hexene - Hexane (5) —

o O- -
g o -
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HexyerEEh—SiMe3

Table 25, (Continued)
COMPLEX
ALUMINUM UNSATURATED . b . o
_ HYDRIDE - ___HYDROCARBOX - PRODUCTS " (%) D IKCORPORATION" (%)
LiAlMeBH 1-Octyne Octane 2) —
T+
1-Octene (5) _ —_—
Phenylethyne Styrene' (9) T -
N
Ethylbenzene (11) —_—
4-Octyne Cis-4-Octene (100) - 100
f .
2-Hexyne Cis-2-Hexene (99) 100
Ph—C==C-Me ' PhCHZCHZCH3 a7y 51

P:\ /‘”}:{ a0

+ .

PhCH,CHT=CH, (13) 83

2 2

Hexyl—CHZCH SlMe3

+

(13) 19

v H ll iMe, .
' &X&::c\/g . 3 (34) 65
H .~ H _ :
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-Tabie 25. (Continued)

COMPLEX
ALUMINUM . UNSATURATED b . c
" HYDRIDE _ HYDROCARBON PRODUCTS (%) D INCORPORATION (%)
NaA].Me3H 1-Octene Octane  (100) _ 100
l-Hexene Hexane  (99) - . 100
Styrene? Ethylbenzene (71) 98

O~ O @
t ' . v t :
=( ' H3G—é-\1 (70) o3
Bu ' B

148

>< (58) 53
Cis-2-Hexene Hexane 3) . —_
Trans-2-Hexene Hexane (3) —

(0) _ -

& O~ -
<=:"§ O__(o) -
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Table 25. (Continued)

COMPLEX. v
ALUMINUM UNSATURATED b c
HYDRIDE - HYDROCARBON - " 'PRODUCTS () " D INCORPORATION (%)
NaAlMe H 1-Octyne Octane (6) -
+
I-Octene (6) ' —
Phenylethyne Styrene (9) -
+

* Ethylbenzene (10) R—

4-Octyne Cis—4¥0ctene (99) 100
2-Hexyne £ Cis-2-Hexene (100) 99
PhC=C-Me PhCH, CH,CH, (13) 51 .
+ .
N\ :c/H E\:{ (68) 96
Y
Ph el Me
90 10 o
+
PhCH,CH=CH, (19) 86
Hexyil.—CEC-—-Sil"ie3 : He.}s:y].—CHzCHzSiMe3 (17) 20
+

H

H 1 iMe :
“&:—_C{H ’ (30) 68
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Table 25. (Continued)

COMPLEX
ALUMINUM UNSATURATED b c
HYDRIDE HYDROCARBON PRODUCTS (%) D "INCORPORATION (%)
Vitride -l—Octened Octane (100) 100
l1-Hexene - Hexane (100) _. . 100
Styrene ° Ethylbenzene (72) 99

O~ O

t t '
=( | HBG———é-li (69) 93
Bu . ‘Bu
‘ r\—-_._.._ ><— (59) 51

Cis-2-Hexene Hexane (2) -—
Trans-2-Hexene Hexane _ (2) -

©) —

56 o~ -
3 o -



Table 25. (Continued)
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61

COMPLEX _ .
ALUMINUM UNSATURATED b : c
~__HYDRIDE - __HYDROCARBON - PRODUCTS (%) - D "INCORPORATION (%)
Vitride 1-Octyne Octane = (5) -
v .
- L=Octene (6) -
‘ Phenylethyne . Styrene (11) -
' +
Ethylbenzene (10) -
4-Octyne Cis-4=-Octene (99) 100
f ' .
2-Hexyne Cis~-2-Hexene (100) 100
Ph—C==C-Me PhCHéCHZCH3 (14) 50
+
I\c..—«c :\ :‘\'/D (69) 93
W
Ph el Me
90 10
+
PhCHZC H:.CHZ (1 7 ) 82
Hexyl—(EC—SiMe3 Hr—:xyl—CHzCHzSiMe3 (18) 16
+
Hexyl /SJMe3_
:C\ - (35)
H H :



(Continued)

Table 25.
COMPLEX
ALUMINUM UNSATURATED . b c
" HYDRIDE HYDROCARBON ~ PRODUCTS (%) D INCORPORATION )
N'aAlH4 l-Octened Octane (99) 100
l-Hexene Hexane . (99) 100
Styrene © Ethylbenzene (75) 97
O~ O @ o
St . Et
H3c—€_u (71) 91
Bu _ Bu
7(’ , >< (62) 56
Cis-2-Hexene Hexane (5) ——
Trans-2-Hexene Hexane (5) —_—
S O -
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Table 25, (Continued)

COMPLEX
ALUMINUM UNSATURATED _ b : e
HYDRIDE ___HYDROCARBON =~~~ -~ PRODUCTS (ZY ' D 'IKCORPORATION (%)
NaAlH4 1-Octyne Octane 4) -
+
I1-Octene (3) -
Phenyl ethyne Styrene (11) L -
+

Ethylbenzene (15) -

4~Octyne _ Cis-4-Octene (99) 100
2-Hekyne £ Cig-2-Hexene (98) 100
Ph—CECfMe PhCH2 CHZC H3 (8) 50

/:c}.;-l}:{m) 9%

el Me
+
PhCHZCH':CHZ (17) 82
Hexyl—CEC—SiMe3 Hexyl-CHZCHZSiMe3 (18) 18

+

Hexyl iMe,
Q%:c\/ > (39) 67
H H '



~ Table

COMPLEX :
ALUMINUM UNSATURATED

__HYDRIDE _____HYDROCARBON

(Continued)

b o c
PRODUCTS (%) = D IXCORPORATION (%)

LiAlHZ(NEtZ)Z l-octene

I-octyne

4-octyne

cis-2-octene

LiAIH_(NiP
2( r2)2 l-octene

l-octyne

4-octyne

" ecis-2~octene

NaAlH D
_ Z(NEtZ)Z l-octene

l-octyne
4-octyne

cis-2-octene

- NaAlH_(NiP
: 2( r2)2 l-octene

l-octyne

4-octyne

¢cis~2-poctane

a) Reaction were carried out in THF at Room Temperature. b) Yields were

determined by glc based on internal standards.
corporation = d,/(d, + d,) X 100 as determined by mass spectroscopy.

octane (96)
l-octene (10)

octane (11)

~4~octene (95)

octane (5)

octane (92)
l-octene (12)
octane (11)
4-octene (97)

octane (2)

octane (15)
l-octene (15)
octane (13)
4~octene (93)

- octane (trace)

octane (95)
l-ocetene (10)

octane (13)
4-octene (91)

- octane (2)

98

97

¢) Percent deuterium in-

When the reaction was quénched with a benzene solution of iodine, a 95%

yield of only l-iodooctane was obtained.

90% of deuterium was deter=-

mined to be located on the carbon adjacent to the phenyl ring, PhCH(D)CH3.
f) When the reaction was quenched with a benzene solution of iodine a
' 95% yield of a 51:49 ratio of 2-iodo to 3-iodo-cis-2-hexene was obtained.
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Table 26. Recaction cf Ketones Vith HCo(CO)[‘at Various Teumperatures in
t

Equat@rial' | a

Ketones Temperature: Alcohol (%)  Alcohol % Yield
o 447 -22 53 47 3
- 0 55 45 2
)KffC:::::::77 " RT 53 47 3
45 53 47 1
-22 60 40 3
’ fp 0 59 - 41 3
% CRr 59 41 2
45 59 41 1

Aa)

Hexane and K‘etone:HCu(CO)L,4 of 1:2

Akial

Yields were determined by glc and based on internal standards.



Table 27. Carbonylations of Simple and Complex Metal Hydrides in the
Presence of 5 Mole Percent Transition Metal Halides at 4000
psi, Room Temperature, in THF or Hexane for 20 Hours.

a TRANSITION METAL _

HCTAL HYDRIDE HAL IDE PRODUCTS
Lil(activated) _ ~ none ho Reaction
NaH ) T1C]4 - ' u

1 iC’ "
ATy Cp,TiCT,
LiA]H4 ;HiC]Z | ‘ ' : "
NaATH, cotl, "

| FeCl, "

a) Fach metal hydride was allowed to react with each transition metal
halide studied.
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PART IIT

REACTIONS OF MAGNESIUM HYDRIDE:
STEREOSELECTIVE REDUCTION OF CYCLIC AND

BICYCLIC KETONES BY LITHIUM ALKOXYMAGNESIUM HYDRIDES
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CHAPTER I
INTRODUCTION

‘Background

The use of metal hydrides as stereoselective reducing agents in
organic chemistry has received considerable attention recently.2’3 Al-
though numerous reports have appeared in the literature concerning the
- reduction of cyclohexanones by hydrides of boron and aluminum, little is
known about reductions with magnesium hydride and its derivatives pre-—
sumably because of the reported lack of reactivity of magnesium hydride
and its insolubility in all solvents studied and also because derivatives
of magnesium hydride were not kn'own.4 Recently, Ashby and co-workérs1
have prepared some THF soluble magnesium-hydrogen compounds of the types
HMgOR5 and HMgNR26 which have been shown to exhibit considerable stereo-

selectivity toward cyclic and bicyeclic ketones.7 If HMgOR compounds are

such good stereoselective reducing agents by virtue of their bulky alkoxy

groups, then it would be reasonable to assume that similar "ate" cowplexes

(e.g. alkali metal alkoxymagnesium hydrides) might produce an even greater

effect.

Purpose

Reactions of tetrahydrofuran soluble lithium alkoxymagnesium.
hydrides, LngHz(OR)8 (where R = methyl, isopropyl, t-butyl, neopentyl,
cyclohexyl, 2—methylcyclohexyl,_phenyl,>2,6—diisopropylphenyl, 2,6-di—57

butyl-4-methylphenyl, diphenylmethyl, 2,2,6,6-tetramethylcyclohexyl and
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2,2,6,6-tetrabenzylcyclohexyl) with cyclic and bicyclic ketones such as
2-methylecyclohexanone, 4-Efbutylcyclohexanoné, 3,3,5-trimethylecyclohexa-
none and camphor have been studied in order to observe any unusual stereo-

selectivity.
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CHAPTER II

EXPERIMENTAL

" 'General Corngiderations

Reactions were performed under nitfogen or argon at the bench
using Schlenk tube techniq_ues9 or in a glove box equipped with.a recircu-
lating system using manganese oxide columns to remove ongeﬁ and dry ice-
acetone traps to remove solvent vapors.10 Calibtrated syringes equipped
with stainless needles were used for transfer of reagents. Glassware and\
syringes were flamed and cooled under a flow of nitrogen or argon. Ketone,
alcohol and internal standard solutions were prepared by weighing the
compound in a tared volumetric flask and diluting with the appropriate
solvent.

All melting points are corrected. The proton MMR spectra were
determined at 60 MHz using a Varian, Model T~-60 NMR spectrometer. The
chemical shifts are expressed in ppm (§ values) relative to Me4Si as tﬁe
internal standard. The mass spectra were obtained with a Hitachi (Perkin-
Elmer) Model RMU-7 or a Varian,.Model M-66, mass spectrometer. GLPC
analyses were. carried out on an F & M Model 700 or Modél 720 gas chroma~-
tograph., The ir spectra were obtained using a Perkin-Elmer, Model 621 or
Model 257 infrared spectrometer. High pressure work was conducted in an
autoclave (rated to 15,000 psi) obtained from the Superpressure Diviéion _

of the American Instrument Company.
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'AﬁaIZSes

Gas analyses were carried out by hydrolyzing samples with 0.1 M
hydrochloric acid on a standard vacuum line equipped with a qupler pump.9
Magnesium was determined by titrating hydrolyzed samples with stanlard
EDTA solution at pH 10 using Eriochrdme-Bléck T as an indicator. Lithium
reagents were analyzed by the standafd Gilman double titration method
(titration of total base followed by titration of tqtal base after reaction
with benzyl-chloride)11 or by flame photometry. The amount of acﬁive.C—Mg
andic—Li was determined by titrating the active reagent in a dry box with
dry 2-butanol in xylene using 2,2'-diquinoline as an indicator. Aluminum
was determined by adding excess standard EDTA solution to hydrolyzed
samples and then back titrating with sténdard zinc acetate solufion at pH
4 using dithizone as an indicator. Carbén, hydrogen analyses were carried

out by Atlantic Microlab, Inc., Atlanta, Georgia.

Materials
'Solvents

Fisher reagent grade anhydrous diethyl ether was stored over sodium
metal, then distilled under nitrogen from LiAlH4 and/or sodium benzo-
phenone ketyl just prior to use.

Fisher reagent grade tetrahydrofuran (THF) was dried over NaAlH4
and distilled using diphenylmethane as an indicator, under nitrogen, just.
prior to use.

Fisher reagent grade benzene and hexane were stirred.over concen-
"trated HZSO4, washed with Na,CO,, then distilled water, dried over én—

2773
hydrous MgSO4 and distilled from NaA1H4, under argon, just prior to use.
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Into a three-necked, 2-1 rﬁund bottom flask, was placed 24.0 g
(0.5 mole) of sodium hydride (50% mineral oil dispersion). The sodium
hydride was washed three times with dry hexane by swirling, allowing the
hydride to settle, and then decanting the liquid portion in order to.re—~
move the mineral oil. The flask was immediately fitted with a magnetic
stirrer, a reflux condenser and a pressure-equilizing dropping fummel
fitted with a rubber serum cap. A three-way stopcock, comnected to the
top of thé reflux condenser, was connected to a water aspirator and a
source of dry argon. The system was evacuated until the last traces of
hexane were removed from the sodium hydride and then flushed with argon
by evacuating and refiiling with nitrogen several times. The aspirator
hose was removed and this arm of the stopcock connected to a mineral oil
filled bubbler. To the dry sodium hydride was added 250 ml of freshly
distilled benzene. Carefully 55 ml (0.5 mole, 44.1 g) of t-amyl alcohol
was added to the stirred mixture. The very vigorous reaction was con-
trolled by the drop rate of the alcohol and by a 5-10°C ice-water bath.
After addition of the alcohol, an additional 200 m1 of alcohol and 100
ml of ﬁenzene were added and the ensuing pale brown solution was warmed to
room temperature. To this solution was first added 32 ml (0.5 mole,
71.0 g) of iodomethane (Aldrich) and then 10.5 ml (0.10 mole, 9.85 g) of
distilled cyclohexanone (Aldrich). The solution turned a bright yellow
color and was aliowed to stirvover night. The reaction mixture was_cafe-
fully poured into 500 ml of cold water. The mixture was‘extracted thfée
times with hexane, waéhed once with water, dried over anhydrous sodium

sulfate, filtered and the solvent removed by rotary evaporation. The
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crude product was distilie& to give 10.5 g (687 yiéid), b.p. 50-53°C
3 mn) [1it.'% b.p. 62-65°C (5 m)]; IR(neat, £ilm) 2950(s), 2920(m),
2860(m), 1700(s), 1470(s), 1390(m), 1370@m), 1040(m); NMR (CDQ13, TMS)
12H singlet at 1.10 ppm, 6H multiplet at 1,55-1.86 ppm; mass spectrum,.
m/e (rel. intensity) 154Qf7, 74), 140(7), 11(7), 83(53), 82(76), 78(18),
72 (32), 70(13), 69(65), 57(23), 56(100), 55(62), 41(86).

Anal. Calcd for cloﬂlsoi C, 77.87: H, 11.76. Found: C, 77.81;
H, 11.70. |

" Preparation of 2,2,6,6-tetrdabenzylcyclohexdnone

The same procedure for preparing 2,2,6,6—tetramethy1cyélohexanone
was followed., After the forﬁation of sodium t-amylate, 59.5 ml (0.5 mole,
85.50 g) of benzyl bromide was added followed immediately by 10.5 ml
(0.10 mole, 9.85 g) of freshly distilled cyclohexanone. The solution
turned a.grayish white color and was allowed to stir overnight. The
reactlon mixture was worked up as described above yielding white crystals
which upon recrystallizafion from diethyl ether yielded 15.1 g (337%) of

3

2,2,6,6-tetrabenzylcyclohexanone, m.p. 155-156°C [1it. > m.p. 155-156°C];

IR (CDC13, cavity cell) 3060(w), 3040(w), 3000(m), 2930(s), 2860 (w),
1685(s), 1600(m), 1490(s), 1450(s), 1250(s), 860(s); NMR (CDCl

3s TMS)

8H singlet at 1.60 ppm, 6H multiplet at 2.22-2.97 pﬁm, 20H multiplet at
6.90~-7.34 ppm; mass spectrum,.m/e'(rel,.intensity) metastable ion 366.5
a'-92, 35), 277(23), 275(10), 224(34), 91(100).

Anal. Caled for C34H340: C, 89.04; H, 7.47, Found: C, 88.90;
H, 7.45.
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Purification of Alcohols

Methanol (Fisher) was disfilled after treating with magnesium
metal, Isopropanol (Fisher) was distilled over AltOPri)3 and Efbutyl
alcohql (Fisher) was fractionally crystallized under nitrogen. Cyclo-
hexanol, 2-methylcyclohexanol, phenol and 2,6-diisopropylphenol (Ethyl
Corporation) Were'distilled”prior to use. Benzhydrol (Aldrich), neopentyl
alcohol (Aldrich) and 2;6-di—£7butyl§fesol (Eastman) were used without

further purification.

Preparation of 2,2,6,6—tetramethylcyclohexanol

Inte a dry 200 ml one-necked roun& bottom flask equipped with a
magnetic stirring bar and a rubber serum cap was placed 10.0 g (0.065 mole)
of 2,2,6,6—tetraméthylcyclohexanone in 30 ml of distilled diethyl ether.
To this stirred solution, cooled by an ice-water bath, was carefully
added 45 ml of 1.50 M solution of LiAlH4 in diethyl ether. \The reaction -
mixture was allowed to warm to room temperature and stirred for 2 hours
after which time 20 m]l of saturated NH4C1 solution was added carefully
using an ice-water bath to moderate the reaction. The mixture was ex-
tracted threg times with diethyl ether, washed once with water, dried.
over anh&dfpﬁé‘sodium sulfate, decanted and the solvent removed by rotary
evaporatiéﬁ. .The'érude‘prdduct was distilled.to give 10.0 g (98% yield
of 2,2,6,6-tetramethylcyclohexanol, b.p; 54-55°C (3.6 mn) [lit.l4_b.p.

62-65°C (5 mm)]; NMR (CDCl,, TMS) 6H singlet at 0.92 ppm, 6H singlet at

3,
0.96 ppm, 6H multiplet at 1.12-1.76 ppm, 1H singlet at 1.92 ppm, 1H
singlet at 3.00 ppm; mass spectrum, m/e (rel. intensity) 156(M+, 7,
138(13), 123(18), 109(83), 95(15), 82(100), 69(89), 55(44), 43(56),

,» cavity cell) 3500(broad-m), 2945(s), 2920 (m), 2855 (m),

41(88); ‘IR (CDCl3
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1460(s), 1385(m), 1370(m), 1030(m), 850(m).
Anal. Calcd for ClOHZOO: c, 76.86; H, 12.90. Found: C, 76.78;
H, 12.83.

Preparation of 2,2,6,6-tetrabenzylcyclohexariol

The same precedure for prepariﬁg-2,2,6,6-tetramethyicyclohexénol
was followed. To 15.0 g (0.033 mole) of 2,2;6,6—tetrabénzylcyclohexahone
in 30 m1 of freshly distilled diethyl ether was added 25 ml of 1.5 M
LiA_lH4 in diethyl ether. The prqduct was worked up as described above;
The yield of 2,2,6,6~tetrabenzylcyclohexanocl after being recrystallized
twice from diethyl ether, (m.p. 159—16000; lit.15 m.p. l6l°c) was 10.0 g
(66%): IR (CDC13, cavity cell) 3560(broad-m), 3060(m), 3040(m), 3010(s),
2910(s), 2850(m), 1610(m), 1490(s), 1450(s), 1070(m), 1030(m), 560(m);

NMR (CDCIL,, TMS) 16H multiplet at 0.72-3.48 ppm, 20H multiplet at 6,70-

39
7.40 ppm; mass spectrum, m/e (rel. intensity) metastable 368.3 (M*—BZ,G),
211(8), 129(8), 117(7), 115(7), 91(100), 65(10).

Anal. Calcd for C34H360: c, 88.,65; H, 7.88., Found: C, 88.55;
H, 7.80. |

Preparation of Reagents

Solutions of lithium aluminum hydride were prepared by refluxing
distilled.diethyi ether over solid LiAlH4 (Alfa,Iporganics) for 20 hours
followed by filtration in the dry box through a fritted glass funnel
using dried Celite as a filter aid. The clear solution was standardized

for aluminum content by.EDTA titration; Diethylmagnesium was prepared by
the reaction of diethylmercury16 with magnesium.metai at 60—80@C_aﬁd a
solution in diethyl ether was standardized by magnesium analysis. Lithium

hydride was prepared by hydrogenation of t-BuLi or n-BuLi at 4,000 psi
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pressure for 24 hours at room temperature. Sodium hydride was obtained

as a 50% mineral oil dispersion from Ventron Hydrides Division. Lithium
alkoxides were prepared by the reaction of alcohols with n-butyllithium

or activated LiH. |

Preparation of MgH,_ slurry'in'THFl7

Lithium aluminum hydride (20 mmole) in diethyl ether (32 ml) was
allowed to react with a diethyl ether (50 ml) solution of diethylmagnesium .
[(CZHS)ZMg] (20 mmole) at room temperature with constant . stirring. The
reaction mixture was stirred for about 1 hour and the insoluble solid
isolated by centrifuging the mixture and tilen removing the ether solution
using a syringe. The resulting solid was washed with freshly distilled
diethyl ether and finally a slurry was made by addition of freshly dis-
tilled THF. |

Anal. Calcd for MgH): Mg:H = 1.00:2.00. Found: 1.00:2.02.

" Preparation of Lithium Alkoxymagnesium Hydrides

A known amount of lithium alkoxide in EtZO/THF was prepared by
the reaction of the appfopriate alcohol in THF with-thexane for about
1 hour at room temperature. The lithium alkoxide was allowed to react
with a slurry of MgH2 in THF at room temperature in a 1:1 molar ratio
and the reactipn mixture stirfed for 3-5 hours during which time the
MgH2 dissolved. Analyées of the.resulting clear solutions are given in
Table 28.

General Reaction of Hydrides With Ketones

A 10 ml Erlenmeyer flask equipped with a Teflon coated magnetié
stirring bar was dried in.an oven and allowed to cool under nitrogen or

argon. The flask was then sealed with a rubber serum cép, connected by
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“means of a syringe needle to a nitrogen/argon filled manifold equipped
with a mineral oil filled bubbler. The ketone solutions with internal
standard (tetradecane for 4-t-butylcyclohexanone and camphor, hexadecane
for 3,3,S—trimethylcyclohexanone and dodecane for 2-methylcyclohexanone)
were syringed into the flask and the known concentration of hydride
reagent (solution or slurry) added to the flask at room temperature.
After the designated time, the reaction was slowly quenched with H20 and
dried over anhydrous MgSO4. A 10 fr. 5% C;rbowax 20 M on Chromosorb W
column (13000 colum temperature) was used to separate the products of
4-t-butylcyclohexanone, 3,3,5-trimethylcyclohexanone and camphor. A 15
ft. 10% diglycerol on Chromosorb W column (SOOC) was used to separate the
products of 2-methylcyclohexanone. The order of elution for each.ketone
was the same: the ketone first, the axial or exo-alcohol second, and
the equatorial or endo-alcohol last.

Qualitative Rate Studies of the Reaction of Lithium Alkoxymagnesium
Hydrides with 4~t-butylcyclohexanone

The aforementioned conditions for'the reduction were set up at
the desired temperature. One syringe with the desired amount of ketoﬁe
and another syringe with a saturated-NH401 solution were placed through
the rubber serum cap. The ketone was added under an argon atmosphere
and at the desired time the reaction was rapidly quenched. The products

were analyzed in the normal manner.
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CHAPTER .ITI
RESULTS AND DISCUSSION

The magnesium hydride used in these studies was prepared by the .

reaction of (CZHS)ZMg with LiAlH4 in diethyl ether (eq. 1). A slurry of

Et,0
. 2" .
(CZHS)ZMg + L1A1H4 ; 7 MgH2+ + L1Al(CzH5)2H2 (L)

MgH2 (prepared by this method) in THF was prepared by removing the super-

natant solution containing the diethyl ether soluble LiAl(CZHS)ZHZ by means
of a syrings and then adding freshly distilled THF to the resulting diethyl
ether-wet sglid (MgHz) several tiﬁes followed by solvent removal via
syrings in order to remove the last traces of LiAl(CZHS)sz.

Magnesium hydride prepared, as described above, was allowed to react
with lithium alkoxides (prepared according to equations 2 and 3) in equal
molar ratio in THF in order to prepare the desired lithium alkoxymagneéium
hydrides (equation 4, Table 28). Lithium dialkoxymagnesium hydridés were
prepared according to equation 5 by allowiﬁg freshly prepared activated
LiH or NaH to react with the appropriate ﬁagnesium alkoxide. The magnesium
alkoxides were prepared by the reaction of EtzMg with freshly distilled

alcohol (equation 6).
n-BuLi -+  ROH ——3 LiOR +  np-BuH+t (2)

L_iH + ROH f———) LiO0R +  H '. 3)
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LiOR | + MgH, -~-—~—--> LiMgh, (OR) - 4)
LiH + Mg (OR) 5= LiMgH(OR) , _ (5)
. (NaH) . _
[NatgH (OR),]
Et,Mg + 2 HOR ——> EtH? + Mg (0R),, (6)

Although MgHi is insoluble in THF,‘a cleér solution results in most
qaées when the lithium alkoxide is allowed to react ﬁith the MgH2 slurry.
It is at least theortically possible that the reaction of lithium alkoxide
with MgH2 procéeds to form THF soluble alkoxymagnesium hydrides (HMgOR)5

according to equation.7. However, if this was the case, insoluble LiH

LiOR + Mg, - ——> LiH ¥ + EMgOR (7)

would be formed and yet the reaction gives a clear solution. Thus the
possibility of forming HMgOR coﬁpounds (eq. 7) does not seem likely.
However, when the solvent of the reaction described by egq. 4 was removed
under vacuum and the resulting solid analyzed by x-ray powder diffrac~
tion,ls’19 lines due to magnesium alkoxides were observed guggesting dispro~

portionation (eq. 8) when the solvent is removed. In solution, however, the

2 LiMgH, (OR) ) LiMgH, + Mg (OR) , (8)

integrity of LngHz(OR) compounds has been confirmed by infrared (Figure 1)

and nmr spectral analysis (Figure 2) as well as molecular association stu-
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: : . ‘ =1 . '
dies reported earlier.ls’19 Figure 1 shows that in the 1450 cm = regiomn a
distinct absorption occurs for the LiOR compounds whereas it does not
- appear for the LngHz(OR), LngH(OR)2 or HMgOR compounds when R = 2,2,6,6-
tetramethylcyclohexyl. However, a shoulder appears for HMgOR and LngH(OR.)2

. , -1
conpounds that does not appear for L1MgH2(0R) compounds in the 1300 cm
region. These similarities between HMgOR and LngH(OR)zcompounds could

suggest that disproportiomation takes place according to equation 9.

LiMgH(OR) ; —>  HMgOR + LiOR (9

However the nmr spectra (Figure 2) show great differences for HMgOR and
LngH(OR)2 as well as for LiOR and LngHz(OR) compounds in the 1.0 ppm
region. A broad absorbancg is observed for the HMgOR compounds Shown'

in Figure 2, however, for LngH(OR)2 compounds, a much cleaner spectruﬁ

is observed in addition to a change in the chemical shift of the two
singlefs‘assigned to the methyl groups on the cyclohexyl ring. HMgOR
compounds show two singlets at 0.93 and 0.93 ppm, but the singlets
associated with the LngH(OR)2 compounds appear.at 0.93 and -0.88 ppm,

Also, the LiOR cgupoﬁnds have only onevsinglet at 1.00 ppm, but as noted
before, LngH(OR)2 and EMgOR compounds bofh show.two singletsf The MR
were all conducted at the same concentration of reagent in THF-d8 with
Me4Si as the intermal standard with the same resolution. These observations
in addition to the molecular association studies reported earlier from.this
laboratory18 show the separate identity of these compounds. The molecular
weight data show that the 'HMgOR, LngBz(OR) and LngH(OR)z_compouﬁds are

19

dimeric in THF. Also it is important to note that the molecular weight
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results did not indicate khe presence of a mixture of LiOR and HMgOR
compoundé when the.LngHZ(OR) and LngH(OR)2 compounds were being studied.

The LﬂHgHZ(OR) compounds prepared by the above methods were allowed
to react with four representative ketones, i.e.; 4-t-butylcyclohexanone (IS,
3,3,5—triﬁethylcycloﬁexanoﬁe (11), 2—methylcyclohexanone (II1I) and camphor
(IV). The pufpose of these studies was to evaiuate these new hydride
reagents as stereoselective’reduéing agents. We have compared the stereo-
chemical reéults with that of LiAlH4_which is considered to be the least
sterically hindered hydride that reduces cyclic and bicyclic ketones. For
example, L:‘LAlH4 results in 10, 80, 24 and 9% equatorial or exo attack
respectively on ketones I, II, III and IV. On the other hand, MgH2 reduceé
ketones I, II, IIT and IV such that 23, 85, 35 and 8% equatorial or exo
attack, respectively, is observed.

Recently, both alkoxymagne,lum hydrides (HMgOR) and dialkylamino-
magnesium hydrides (HMgNRZ) were prepared in this laboratory. The most
selective reagent among ﬁﬁe IMgOR compounds studied was 2,6;diisopropyl—
phenoxymagnesium hydride which reduced ketones I, II, III and IV to give
83, 99, 99 and 98% equatorial or éndo attaék, respec.tively.22 _On.the
other hand, trimethylsilyl-t-butylaminomagnesium hydride was the most
selective HMgNR2 comppund studied. This hydride reduced ketones I, II,

III and IV by 73, 99, 98 and 95% equatorial or endo attack, respectively.23
With these data in hand, the LlMgH (OR) compounds were evaluated on a
comparative basis. According to Tables 29- 32 lithium dihydrido-2,2,6,6-
tetramethylcyclohexoxymagnes1ate and lithium d1hydrido—2,2,6,6—tetrabenzylf
'cyclohexoxyﬁagnésiate were thé most selective in the reduction of ketone

(I) (Table 29) providing 89 and 86%,‘respe;tively, (Exps. 24 and 25) of the
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axial alcohol. When aliowed to feact with ketone (II) (Table 30),:the
tetrabenzyl derivative (Exp. 38) produced entirely the axial alcohol.
The tetramethyl- and 2-methylcyclohexoxy (Exp. 34) derivativgs as well as
the neopentyl derivative (Exp. 30) produced 997 of the axial alcohol
when allowed to react with the ketone under the same conditions. Both the
tetramethyl~ and tetrabenzyl- derivatives (Exp. 49 and 50) reduced ketone
.(III) (Table 31) entirely to the axial alcohol. The neopentyl reagent
produced 99% (Exp. 43) of the axigl alcohol. When ketone (IV) (Table 32)
was reduéed, the tetrabenzyl reagent (Exp. 63) again was the most selective _
providing 99% of the exo alcohol. The next best stereoselective reagent
ﬁas the tetrémethyl reagent (Exp. 62)vwhich produced 97% of the exo-alcohol.
From the data in Table 29, itvcan be seen that the amount of axial
alcohol increases as the steric.bulk ofvthe R group increases, particﬁlarly
when oné compares the unsubstituted cyclohexyl defivativé (70%) to the
2-methyl derivative (78%), to the tetramethyl derivative (89%). There
also is a.steady inéreaée in the production of the axial alcohol when -
proceeding from the primary alkoxy group (OCHB, 60%) to the secondary
élkoxy'groups (-OPri and cyclohexoxy, 707). _As larger secondary groups
;re introduced i;to the system (Exps. 17, neopentyl and 18, benzhydryl)
the amount of axial alcohol increased even further to 76%. These results
support the theory of steric approach control that predicts greater
approach of the reagent from the least hindered side of the substrate as
thé steric requirement of the reagent increases. It is interesting“to
note that the phenoxy reagents produced less axial alcohol as the steric.
bulk increased (Exps. 20, 22 and 23). The unsubstituted phenoxy reagent

reduced ketone (I) with almost the same stereoselectivity as MgH2 (Exp. 13)..



173

As diisopropyl and di-t-butyl groups were introduced in the phenoxy system
the amount of axial alcohol increased to only 50 and 59%, respectively.
Another oBservation aiong the same line shown the -tertiary derivative
(Exp. 16) is not as selective as expected. One ﬁiéht assume from these
‘observations that a small equilibrium amount of MgH2 is formed by dispro-~

portiomation (eq. 10) and that a significant portion of the reduction takes

LiMgH,, (OR) : , > MgHv o+ L1O0R (10)

place with MgHz. This is not unreasonable since the large steric bulk.of
the alkoxy group should cause the hydride reagent to react very slowly with
the ketones studied thus allqwing sufficient time for a competing.side
reaction (eq. 10) to bepome significant. |

Another explanation of the stereochemical results is that compounds
such as LngH2(0ﬁ<E2> ) exist as a monomer (A) and LngHZ(OPri) exists as

a dimer (B). This is a resonable suggestion based on past findings24 that

very large aikoxy groups are poor bridging groups compared to smaller.
al koxy groups. This suggestion has been confirmed by molecular association

studies.18 In a monomer such as (A) it is clear that attack by a ketone

y N
Mg Li /'Mg
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is less sterically hindered than on the dimer (B). It is likely that
reduction takes place by displacement of the solvent (S) from.(A)
which should take place easier than the breaking of the Mg—H bond of
the dimer (B) in order to produce a.coordihation site.

When these same lithium alkoxymagnesium hydrides wefé allowed to

react with ketone (II), 3,3,5-trimethylcyclohexanone (Table 30), the tetra-

benzyl derivative (Fxp. 38) produced only the axial alcohol. Again the
phenoxy and the diisop;opylphenoxy (Exps..33 and 35) derivatives pro-
Quced thé axial alcohol in almost the same yield as did MgH2 407 versus
857 (Exps. 26 and 33). Thé di-t-butylphenoxy derivative (Exp. 36) also
produced a lesser amount (937%) of the.axial alcohol than expected. These
results can also be explained by assuming disproportionation of the

reagent to MgH, as suggested earlier or by assuming differences in

2
molecular aggragation of the reagents. The other derivatives produced
similar results with respect to each other and therefore no trends are

readily recognizable.

The reduction of 2-methylcyclohexanone (Table 31) with LngHz(OR)

compounds produced the same trends described earlier for 4=-t-butylcyclo-
hexanone (Table 29). We once again ob;erved the same low yield of axial
alcohol for the unsubstituted phenoxy derivétive (Exp. 46, 387%). compared
to MgH2 (Exp. 39, 35%). The other phenoxy derivatives (Exps. 47, 667 and
48, 67%) as well as the tertiary butyl derivative (Exp. 42, 67%)

produced less axial alcohol than expected which is presumably due to
reduction of the ketone by a small equilibrium amount of MgHz.formed
'through disproportiénation of the reagent (eq. 10) which would lower the

stereoselectivity of the reagent. Again, there is an increase in selec-
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tivity when ﬁroceeding from the primary methoxy group (Exp. 40, 71%)

to the secondary isopropoxy (Exp. 41, 96%) or cyclohexoxy (Exp. 45, 967%)
group of the reagent. As noted before, increasing the steric bulk in the
primary alkoxy reagents, i.e. neopentoxy (Exp. 43), or for the secondary
alkoxy reagents i.e. benzhydryloxy (Exp. 44) also increased the production
of the axial alcohol to 96%.

The reactions of these lithium alkoxymagnesium hydrides with
camphor (Table 32) produced similar trends as noted for the previous
reaction excépt for the dramatic differences observed for the methoxy
(Exp. 52, 12%), t-butoxy (Exp. 54, 10%), peopentoxy (Exp. 55, 9%) and
cyclohexoxy (Exp. 57, 15%) reagents. These reégents produced amounts of
ggggralcbhol greater than MgH2 (Exp. 51, 8%) alomne. _This‘observation
implies that the above hydrides have less steric requirement when
approaching camphor than MgHz. This is entirely possible. Other than
the observations just mentioned the trends described earlier seem to be
followed for camphor as well., An increase in stereoselectivity is
observed.as the steric requirement of the reagent increases: cyclo~-"
hexoxy (Exp. 57, 15% endo-alcohol) < 2-methylcyclohexoxy (Exp. 59, 7%

endo-~-alcohol) < 2,2,6,6—tetramethylcyciohexoxy (Exp. 62, 3% endo-alcohol)

< 2,2,6,6—fetrabenzylcyclohexoxy (Exp. 63, 1% endo;aléohol). The
phenoxy derivatives (Exps. 58, 8%; 6Q,_8%; 61, 7% endo-alcohol) provided
the same selectivity as MgHz_(SZ endo alcohol) for presumably the same
reasons described earlier.

Another inieresting observation is that the cyclohexoxy reagent
- shows the lowest yield of alcohols (Exﬁs. lé, 45, and 57) for the reduction

" of ketones I, III and IV but not in the case of ketone (II) (Exp. 32).
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Evidently enolization Sﬁould be much greater in the case of kefone I,

IIT and IV because of the greater stericAhindrance.in the case of ketOne.
(II). Why enolization is greater.for the cyclohexoxy derivative compared
to the other hydrides is not clear. It should also te noted that all of
the phenoxy derivatives provide the highest yields even though the steﬁ—
eoselectivity is less than the other hydrides. In general, it appears
that all of the reagents capable of producing smail amounts of MgHZ, as
described above, produced ﬁhe least amount of enolization. Magnesium
‘hydride itself produced a 100%5 yield of the reduction products with all
of the ketones studied exéept for ketone (II) (Exp. 26). Ketone (II) is
the ketone which the cyclohexoxy reagent .did not enolize the ketone (Exp.
" 32) at all. However, it should also be noted that for the ieduction of
ketone (II) another secondary alkoxy reégent (b;nzhydryloxy) did have.the
most enolization associated with it (Exp. 31). The reason why MgH2 or
very bulky reagents lower the amount of enolization is probably due to
steric reasomns. | |

It was also desired to determine if the degree of stereoselectivity

was ﬁigher in the initial stages of the reaction than after equilibrium
had been reached. 1In this conﬁection, 4-t-butylcyclohexanone was allowed
to react with a 100% excess of 2,2,6,6-tetrabenzoxydihydridomagnesiate.
The results are give in Table 33 and Figure 3. As can be seen from the
data, the iower the temperature, the greatér the observed enolization

to reduction ratio. At -25°C, for example, the major product (64%) after
quenching is the starting ketone, 4-t-butylcyclohexanone. It.should also
Be noted that the initiél.reaction_is very fast and that after 5 hours no

more than a 5% change was observed in the ratio of alcohols. The thermo-
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dynamic product is the equatorial alcohol, and if 4—£;buty1cyclohexanoné
is allowed to react under equilibrium conditions inherent for Meerwein-
Ponndorf-Verley or Birch reductions, the equatoriél alcohol is producéd
in 98-997% yield.25 For lithium alkoxymagnesium hydride reductions, never
less than 86% of the axial alcohol is observed. It appears that most of
the stereochemical composition always takes place during the time between
60 and iS,OOO seconds indicating some, but_slow equilibrium.

Tables 34-37 list the results of the reactions of ketonmes (D, (11,
(III) and (IV) with lithium dialkoxymagneéiuﬁ hydrides prepared according
to equation 5.. ~The most selective reagents were the bls-tetramethyl~ and
bis—tétrabenzylcyclohexoxy hydrides (Exps. 67a and 68a) which reduced
ketone (I) (Table 34) to provide 89 and 85% axial alcohol, respectively.
However a large amount of enolization accompanied the reaction (66 and
60%, respectively). On the other hand, Exp. 65a shows that the bis~di-~-t-
butyl.derivative enolized only 187 of the ketone while reducing the ke- |
tone to 81% of the axial alcohol. The sodium reagent (Exp. 66a) not only
produced a 55:45 axial to equatorial alcohol ratio, but also enolized 85%
of the ketone. When LiH and LiOR were allowed to react under similar
conditions (Exp. 64a) a 74:26 ratio of axial to equatorial alcohol was
observed but 70% df the ketone was enolized. ;

When ketones.(II), (III) and (IV)_(Tébles.35-37) were allowed to
react Witﬁ these reagents, lesser amounts of enélization were obsefved
with very sfereoselective results, ‘All the reagents studied produced 99%
to 100% axial alcohol when allowed to react with ketones (II) and (III)
(Tables 35 and 36, respectively). The.reactions with camphor (kétone Iv,

Table 37) produced greétér than 90% exo-alcohol with little enolization
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except for Exps. 64d and 66d which produced 65 and 627 respectively of the
starting ketone. These reagents represent a method of using lithium and
sodium hydride for reduction which has not been previously reported, and

further development is now under way.
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CHAPTER IV
CONCLUSION

A series of lithium alkoxymagnesium hydrides, LiMgH, (OR), were
prepared and allowed to reduce 4-t-butylcyclohexanone (I), 3,3,5~trimethyl-
cyclohexanone (II), 2-methylcyclohexanone (III) and camphor (IV). It was
found that véry bulky secondary cyclic alkoxy groups such as 2,2,6,6-tetra-~
methyl~ or benzylcyclohexoxy were very stereoselective in the reauctioh
of these ketomnes. For exémple, LngH2(0—§::>) reduced ketone (I) to pro-
vide 89% of the axial alcohol compared to HMgO€§:> which pfovided 83%
of the axial alcohol.

The L:i.MgI-I(OR)2 when R =<:> or @ reagents were also found to
reduce ketones (I), (Ii), (IIT) and (IV) stereoselectively but to a lesser

extent and with more enolization than observed for the LngHZ(OR) reagents.
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Table 28. Preparation of Lithium Alkoxymagnesium Hydrides [LngH2 (OR) ]
by the Reaction of Magnesium Hydride with Lithium AlkoxXides
in a 1:1 Ratio.

Reaction Solubility Analysis (Ratio)
EXp. Time (hr) in THF Li : Mg : H : ROH Product
L 10 Insoluble 1.05 1,00 1.91 1,02 LiMgH,(OCH,) -
2 7 Soluble L.+  1.00 L93 1.0l | Lngﬁz(o?ri)

3 7 Soluble  1.04  1.00 1.93 1.03 LiMgH,(0Bu®)
4 6 Soluble 1.03  1.00 1.95 1.02 LiMgH, (OCH,Bu")
5 8 Soluble 1}04 ~ l1.000 1.92 1.02 LiMgH, (OCHPh,)
6 7 Seluble  1.00 1.02 1.95 1.03 LiMgH, 0~ ))

7 8  Imsoluble 1,03  1.02 1.90 1.04  LiMgH, (0Ph)
8 5 Soluble 1.2 1.00 1.96 1.00 | LngHz(OhjC:>)
9 7 Soluble  1.03  1.00 1.92 1.03 LngH2(O€3::>)
10 6 Soluble ~ 1.02  1.02 1.9 1,00 LiMgH,( »
11 5 ~ Soluble 1.0L 1.0l 1.96 1.00 LngH2(0—§::>)
| 8

12 5 Soluble 1.0L 1.0l 1.97 1.00 LiMgH,( : )
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Table 29. Reaction of 4~t&Butylcyclohexanone with LngHz(OR) Compounds
at Room Temperature in THF Solvent.

Relative Yield (%)°

Exp. Hydride Axial-OH  Equatorial-OH ' Yie;d(Z)b .
13 MgHz 23 ’ 77 - 100 |
14 LngHz(OCH3) _ | 60 o 46 ';95
15 LiMgH, (OPrl) 70 30 ' 91

16 LlngHz(OBut) 59 41 . o8
17 LiMgH, (0CH,Bu") 76 % 95
18 LngHz(OCHEhz). 76 | 24 B 90
19 LivgH (0 )) 70 30 | 52
20 Lnguz(o-@') | 28  | 72 100
a1 ngnz-(oQ ) 78 2 83

22 LngH2(0§§>) 50 50 100
23 LngHz(o_-@ 59 41 99

2 LngHz(O-%::> )
A | B
25 LngHz(o—E§é>) 86 14 85’
a2 |

a) Normalized A axial alcohol + 7 equatorial alcohol = 100%.

89 11 . 86

b) Yield was determined by glc and based on an internal standa:d.
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a) Normalized % axial alcohol + % equatorial alcohol = 100%.

b) Yield was determined by glc using an internal standard.’

Table 30. Reactions of 3,3,SfTrimethylcyclohexag?ge with LiMgH (OR)
Compounds at Room Temperature in THF 1:2 Molar Ratio,
Relative,Yielda :
Exp. Hydride Axial-OH Equatorial-OH Yield b
26 MgH, 85 15 §2
27 LiMgH, (OCH ) 95 5 :93v
28 LngHz(OP_ri) 98 2. - 84
29 LngHz(OBut) 96 5 100
30 LngHz(OCHZBut) | 99 1 88
3 LngHz(OCHth) 97 3 80
32 nguz(oO ) - 96 | 4 100
33 ALnguz(o ) 90 10 100
34 'LngHZ(O—Q ) 99 1 100
35 _Liﬁguz ©0<0)) 90 10 100
36 'Lngaz(o-@.) 93 7 100
3>7 LiMgH, (o—g:’} ) 99 1 100
38 'll_ngHz.( ) 100 0 96
| ]
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Table 31, Reactions of ZéMethylcyclbhexanone with LngHZ(OR) Compounds -
at Room Temperature in THF Solvent in 1:2 RatJo.

‘Relative Yield (%)@

"EXp. Hydride Axial-OH  Equatorial-OH Yield(%)D
39 » MgH2 | | | 35 | 65 ‘ 100
40 LngHz(of:HB) 71 29 94
41 LiMgH, (OPr') 96 - e
42 LngHZ(OBut)‘ . 67 33 | 100
43 LiMgH,(OCH,Bu") _99 | 1 ._ - 88
s LiMgH, (OCHPh,) | 98 2 ' 88
45 .nguz(oO) 1 | 96. | 4. ' 78
46 '_Liugaz(o_@> ; 38 | 62 100

47 LiMgH, (0 3@} ) 66 34 | 100
48 'LngHz(O) 67 .33 - 95
49 ngnz(o{;} ) 100 o 87

{—
o (©
4

50 LiMgH ) 100 0 v 85

a) Normalized % axial alcohol + Z equatorial alcohol =.100%.

b) Yield was determined by glc using an internal standard.
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b)" Yield was determined by glc using an intermal ‘standard.

"a) Normalized Z;axial alcohol + % equatofial alcohol = 100%.

Table 32. Reactions of Cifiphor with LilgH, (OR) Cbmpounds at Room
Temperature in THF Solvent in 1:2 Molar Ratio.
Relative Yield (%)® b

Exp. Hydride Endo~OH. Exo-OH Yield (%)

51 MgH, 8 92 100

52 LiMgH, (OCH3) 12 88 88

53 LiMgH, (0Pr™) 8 92 100

54 LiMgH, (0Bu) 1o 90 91
55 LngHZ(OCHZBut) 9 91 100

56 LiMgH, (OCHPh,) 4 96 100

57 LngHZ(o—O) 15 85 52

58 'Lﬁ«guz(o@ ). 8 92 100

59 LngHz(o-Q ) 7 93 83

60 nguz(og@ ) 8 92 100

61 Lngﬁz(@) 7 93 100
62 ngﬂz(o-Z;} y 3 97 95
63 L iMgi, ( » 1 99 95
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& -8
Table 33. The Reaction of LngHz(O:z::> ) in THF Solvent with 4-t-Butyl-
e

Cyclohexanone at Various Temperatures and Reaction Times in
- 2:1 Molar Ratio.

TIME  Recovered Axial2 Equatoriald -
TEMP.°C  (sec) Ketone (%) Alcohol (%) Alcohol (%
-25° 2 75 | 91 9
5 70 90 10
10 67 90 10
15 67 90 10
30 66 90 10
18,000 64 86 S 14
0 2 75 90 - 10
5 67 91 9
10 56 90 10
15 47 90 10
30 37 89 S b
45 37 88 12.
18,000 35 86 | 14
RT o2 76 90 10
5 65 90 10
10 47 . 9] 9
15 38 92 8
30 22 . 9] g9
45 15 89 n
60 15 89 1
18,000 15 86 14

a) Normaliied % axial alcohol + % equatorial alcohol = 100%.



Table 34.

Reactions of 4-t-Butylcyclohexanone with Metal Hydrides and Magnesium Alkoxide at Room
Temperature in THF Solvent and in 1:2 Molar Ratio for 24 Hours.,

Recovered

Reduction Products

.Exp. Reagent Ketone (%) Axial Alcohol ()% Equatorial'Alcohol'(%)a Yield (Z)b

6ha LiH + ng§>— 70 74 26 28

65a LiH + Mg(o—@)z 18 81 19 80
X

66a NaH + Mg(o—i : "), 85 55 45 10

67a LiH + Mg((%b ), 66 89 11 30

68a LiH + Mg ( ), 60 85 15 37

a) Normalized % axial alcohol + % equatorial.alcohol = 100%.,

b) Yield was determined by glc using an internal standard.

ol

981



Table 35. Reactions of 2-Methylcyclohexanone with Metal Hydrides and Magnesium Alkoxides at Room

- Temperature in THF Solvent and in 1:2 Molar Ratio for 24 Hours.

Recovered aReduction Products a b
Exp. " Redgent '~ Ketone (%) = Axial Alechol (%)  Equatorial ‘Alcohol (%) Yield (%)
64b - LiH + L1 ‘ - , - - -
65b LiH + Mg((}—@')z 14 99 1 85
/‘ .
66b NaH + Mg( ), — - - -
67b LiH + Mg( ), 30 99 1 65
68b LiH + Mg( ), 35 99 1 60

R

a) Normalized % axial alcohol + % equatorial alcohol = 100%.

"~ b) Yield was determined by glc using an internal standard.

81



Table 36. Reactions of 3,3,5-Trimethylcyclohexanone with Metal Hydrides and Magnesium Alkoxides at Room
Temperature in THF Solvent and in 1:2 Molar Ratio for 24 Hours.

Recovered ' Reduction Products

" Exp. . Reagent Ketone (%) Axial Alcohol (%)% Equatorial Alcohol ()% Yield (z}
64c LiH + Lid — ' - —_ -—

65¢ LiH + Mg(0—§§>~)2 8 100 0 90

4

66¢c NaH + Mg(o—2§>—)2 _— - . » - -
67c LiH + Mg(o—<:>' ), 35 100 0 60

R

68c LiH + Mg( 42 100 0 55

‘ )2
4
a) Normalized % axial alcohol + % equatorial alcohol = 100%,

b) Yield was determined by glc using an internal standard.

881



Table 37.

Reactions of Camphbr with Metal Hydrides and Magnesium Alkoxides at Room Temperature in THF
Solvent and in 1:2 Molar Ratio for 24 Hours.

Recovered ) Reduction Products

Exp. Reagent ' Retone (%) - Axial Alcohol (%)% ‘Equatorial Alcohol (%)% Yield (%)°
64d LiH + Li 65 91 9 30

65d LiH + Mg(O—@-) ) 0 95 5 . 100

66d NaH + Mg ( . 62 90 10 36
67d LiH + Mg(D—Q ), 11 | 97 3 87
- 68d LiH + Mg( ), 16 . 96 | 4 81

9

a) Normalized % axial alcohol + % equatorial alcohol = 100%.

b) Yield was determined By glc using an internal standard.

68T -
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FIGURE 3

The Reaction of LngHé(O )
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PART IV
CONCERNING SALT EFFECTS ON T.HE STEREOSELECTIVITY OF

ORGANOMETALLIC COMPOUND ADDITION TO KETONES



' CHAPTER 1

INTRODUCTION

Recently, it was reported that a mixture of CH3

provides unusually high stereoselectivity (94%'equatorial attack) in
the methylation of 4-tert-butylcyclohexanone compared to reaction of

. _ 1
CH3Li or LiCu(CH3)2 alone. It was suggested that "a bulky, highly

reactive cuprate having the stoichiometry Li Cu(CH3)3 or Li

2 3

was formed when CH3Li and LiCu(CH3)2 are allowed to react; and, re-
action of these cuprates with the ketone would explain the observed

results. However, molecular weight measurements indicate that

: 2 3
Li2Cu(CH3)3 is monomeric in diethyl ether and THF, whereas CH3Li is

tetrameric and LiCu(CHB)Z_is dimeric. As a monomer, Li Cu(CH3)3

2

should not be considered more bulky than a tetrametric molecule such

CH_ Li. t1 i ic i i
as 3 i Reactions of L12Cu(CH3)3, L1Cu(CH3)2 and L1Cu2(CH3)3 in

both diethyl ether and THF with selected enones indicates that
Li2Cu(CH3)3 is only slightly more reactive than LiCu(CH3)2 toward

v 5 .
conjugate addition. Therefore, the hypothesis that Li2

present in a mixture of CH

3Li and LiCu(CH3)2 in diethyl ether, is a

"bulky, highly reactive cuprate"” is questionable.

The CHBLi—LiCu(CH3)2 mixture used to methylate 4-tert-butyl-
’ \

cyclohexanone was prepared by reacting CH_Li with Cul in a 8:3 molar

3

ratio in diethyl ether solvent. In such a mixture at léast three

species are present: LiCu(CH3)2, CH

3

Li and L1Cu(CH3)2

Cu(CH3)4

Cu(CH3)3, when

Li and LiI. The reaction of. any

199
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one of these compounds with 4—Eégﬁfbutylcyclohé%aﬁbﬁe.fails to produce
the unusuai stereochemistry repértéd'above. One can sdggest four
possible‘exblahations for this sterebseieétivity: (i)‘CH3LiT;eacts
~with LiCu(CH3)2 to form a complex which‘theh reacts with the keﬁbne;

(2) CH_Li reacts with LiI to form a complex (a reaction known to pro-

3
duce Li4(CH3)3I ) which then reacts with the ketone; (3) LiCu(CHB)évand

LiI react to form a complex whichvthenbréacts with the ketone; (4) one
of the species in solution reacts with the ketone to form a complex

followed by reaction of the complexed carbonyl compound with CH3Li;

. : 6 :
Recently, low temperature 1H NMR evidence was reported for the
existence of Li Cu(CH3)3 in a mixture of CH_Li and LiCu(CH3-)2 in di-

2 3

Vmethyl ether, tetrahydrofuran and diethyl ether solvents. No evidence

was found to indicate the presence of any higher order complexes, such

CH,Li + LiCu(CHj),<——5 Li,Cu(CH;), (D).

as Li Cu(CH3)4. The reaction CH.

3 3

Li—LiCu(CH3)2 with 4—E§£Efbuty;—
cyclohexanone in THF did not yield any increasea stereoselectivity when-
compared to CH4Li alone. Since Ashby, et al. haVe.determined that
Li,Cu(CH,); exists in both ether and THF;and';s monomeric in both sol-

2 ) .
vents, it is doubtful that LiZCu(CH3)3 would react with 4-tert-butyl-

' cyclohexanone in diethyl ether to give unusual stereoselectivity when in
THF no trace of unusual stereoselectivity is observed. ~ Therefore, one
‘is led to questibn that the observed stereoselectivity in diethyl ether

is due to the reaction of Li Cu(C:H3)3 with the ketone.

2

The stereochemical improvement in the CH

3L1-L1Cu(CH3)2 reagent
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complex formation exists betwsen CHBLi and lithium salts such as LiClO4,7

but complex formation does take flace between LiC10, and the carbonyl
group7’8 in diethyl ether and yet. as stated earlier, a dramatic increase
in stereoselectivity is observed with LiClO4 just as in the case of

- LiCu(CH,),.
" ‘Purpdse -

In order to‘complete a more detailed study of the unusal stereo-
selectivity found in the alkylation of cyclohexanones with CH3Li in the
presence 6f lithium salts, several metal salts were addéd to the reaction
of CH3Li and 4—£7butylcyclohexan0ne.‘ In an attempt to expand the scope
of the reaction, other ketones (e.g. 2-methyl- and 3,3{5-tfimethylcyclo-
nexanone) and.other orgénolithium reagents'(é.g. ﬁfbutyl-and phenyllithium)
were also allowed to regct in the prgsence of LiClO4. Sﬁmilér studies

were also conducted with organomagnesium and aluminum reagents in place

of CH3Li.
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CHAPTER II
FEXPER IMENTAL

' ‘Appatitus

Reactions.were'performedvunder nitrogen or argon at the bench using
Schlenk tube techniques or in a glove box,equipped with a reclrculatlng
system using manganese(II) oxide to remove oxygen and dry ice—acetone traps
to remove solvent Vapors.gx Calibrated syringes equipped with stainless
steel needles were used for transfer of teagents; leaesware and syringes
were flamed and cooled under a flow of nitrogen or argon,. Ketones, metal
salts and solutions of internal standards nere prepared by weighing the
reagent in a tared volumetric flask and diluting w1th the appropriate _
solvent., GLPC analyses were carrled out on an F and M Model 700 or Model
720 gas chromatograph. Flame photometry was conducted on a Coleman Model
21 Flame Photometer.

Analyses

Gas analyses wete carried out by hydrolyzing Samplee with hydro-
 chloric acid“on a standard vacuum line equipped with a Toepler pump;lo
~Magnesium was determined by titrating hydtolyzed samples nith standard
EDTA solution at pH 10 using'Eriochrome;Bleck T as an.indiCator.
Aluminum wee determined by adding'excese standard EDTA solution to hydro-
lyzed samples and then back titrating with standard zinc acetate solution
at pH 4 using dithizone as an indicator. Lithium reagents*were analyzed -

by the standard Gilman double titration method (titration of totel base
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followed by titration of residual base after reaction with benzyl
‘chloride)ll or by flame photometry. The amount of active C-¥g and
C-Li was determined by titrating the active reagent with dry 2-butanol
in xylene using 2,2'-diquinoline as an indicator.
) ‘Méter idls

Tetrahydrofuran (Fisher Certified Reagent Grade) was distilled
under nitrogen from NaAlH, and diethyl ether ‘(Fisher Reagent Grade) from
LiAiH4 prior to use. Methyllithium in THF or diethyl ether was prepared
by the reaction of (CH3>2Mg with excess lithium metal dispersion (Alfa),
30% in pet;olatum, which was washed repeatedly with ether/pentane until
‘clean under an argon atmosphere prior to use. Both solutions were stored
at -78°C until ready to use.

Dimethylmagnesium was prepare’d12 by the reaction of dimethylmercury:
with magnesium metal (ROC/RIC) at 40-60°C in the absence of solvent. The

resulting (CH 2Mg was extracted from the gray solid with ether and the

3)
resulting soiution standardized by magnesium analysis.
Trimethjlaluminum.(Ethyl Corporation) was distilled under vacuum in ‘
a glove box and standard solutions weré prepare& in diethyl ether and THF.
The-fesulting_solutioné were standardizéd by aluminum and methane analysis.
Lithcoa's t-butyllithium an& n-butyllithium, MC/B methyllithium and
PCR Incorporated phenyllithium were analyied prior to use for active‘C—Li
by the Watson and Eastman procedure described in the Analytical Sectionm.
The methyllithium reagent was also‘analyzed by methane gas analysis using
standard vacuum line techniques. All reagents were hydroiyzed prior to use

and the organic fractions subjected to glpc analysis,

‘ LiAlH4 (Alfa Inorganic) was suspended in refluxing ether or THF for
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24 hours, then filteréd.{n a glove box using a glass fritted funnel and
Celite filter aid. The clear solutions were standarized by aluminum and
gas analyses prior to use.

Alana,rAlHB, in THF or diethyl ether .was prepared by the reaction
of 100% HZSO4 with LiAlH4 in the appropriate solvent13 at -78°% followed
by filtration of the resulting L:izSO4 in the dry box. Analysis:
Li:Al:H = 0.02:1.00:3.00.

Camphor, norcamphor, 2-methylcyclohexanone, 3,3,5-trimethylcyclo-
hexanone and 4—Efbutylcyclohexanone were obtained from Aldrich Chemical
Company or Cﬂemical Samples Company and sublimed or distilled and stored
over 4A molecuiar sieves prior ta;uSe.

Lithium salts: lithium-perchloraté, lithiuh iodide and li;hium
bromide were purchased from Alfa Inorganicé and dried under vacuum at
1OOOC overnight.

Sodium tetraphenyl borate and tetramethylamﬁoniﬁm,iodide were
purchased from Fisher and used without further purification.

Lithium methoxide and t-butoxide were prepared by fhe reaction of
" n-butyllithium in hexane with a stoichiometric amount of the appropriate
alcohol under anhydrous conditions using an argon atmosphere.

Magnesium methoxide and t-butoxide as well as bis-diisopropyl-
~aminomagnesium were prepared in diethyl ether by the reaction of di-
methylmagnesium with a stoichiométric émount of the appropriate alcoﬁol
or amine under an argon atmosﬁhere.

Aluminum methoxide and'isopfopoxidé.and tris-diisopropylamino~
aluminum were prepared-iﬁ THF by the reaction of alane with a stoichio-
metricvamount of the appfopriate alcohol or amine under an argon atmo-

SPhEre.
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If the lithium, magnesium or aluminum.salts were desired in another
 solvent, the original solvent was removed by vacuum and replaced by the
desired solvent which was freshly distilled., This procedure was repeated

three times.

" ‘Géneral Reactions of Ketomnes

A 10 ml Erlenmeyer flask ﬁith a teflon coated magnetic stirring
bar was dried in an oven and allowed to cool under argon or nitrogen.,

- The flask was then sealea‘With a rubber éerum cap and connected by means
of a syringe needle to én argon or nitrogen filled manifold. The amount.
of organometaliic reagent (ca. 0.1-1.0 mmole) in THF or diethyl etﬁer-was
added to the flask using a syringe,and thé addition of the metal salt
solution followed, if needed. The temperature was controlled b§ a dry
ice-acetone bath, then the calculated aﬁount of ketone in THF or diethyl
ether was added to the stirred mixture.

The reverse addition (organometallic reagent added to a mixture of
ketone, internal standard and metal salt at —78°C) produced the same
results, After the designated time, the reéctiOn was quenched'witﬁ the -
slow addition of methanol and dried over anhydrous MgSO4. A 12 ft. 207
FFAP on Diatoport S coiumn (column température: .150°C, helium flow rate:
60 ml/min) was used to separate the products of 4-t-butylcyclohexanone.
The retention time was.13.0 minutes for 27C14330, 33.0 minutes for'gigfl;
methyl-4-t-butylcyclohexanol, 38.0 minutes for 4-t-butylecyclohexanone and
41.5 minutes for trans-l-methyl-4-t-butylcyclohexanol. A 14 ft. 10%
diglycerol oﬁ Diatbport S column at 80°C was used to sepaiate the products
of 2-methylcyclohexanone. The rentention time was 4.4 minutes for the

ketone, 5.2 minutes for the c¢is-alcohol, 9.5 minutes for the trans-alcohol
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and 16.1 minutes for n=C;,H, . A 10 f£t. column of 20% SAIB on Chromosorb
W at 180°C and flow rate of 60 ml/minﬁtg.gave the foliowing retention
times for ketone, axial alcohol and equatorial alcohol for the methylation
of 3,3,5-tfimethylcyclohexanone: 5.0, 4.3 and 6.0 ﬁinutes.

The isomeric alcohols resulting from the methylation of norcamphor
could not be separated by glpc. In addition, the isomeric alcdhbls
resulting from the phenylation of all ketones studied could not be
determined by glpc becausé of dehydration. Therefore, the isomer ratios
in these cases were determined by NMR-analysis. Ashby, Laemmle and Roling14
determined the methyl singlet for the resultiné'§§gfaicohol from the methyl~
ation of norcamphor to be 73 Hz in bepiene and the endo-alcohol methyl
group sinélet to be 74 Hz. These results were confirmed by the author.

The identificatioﬁ of the phenylation products of all ketones was
determined by NMMR spectroscopy utilizing the peak areas of the hydroxyl

protons of the alcohols in DMSO-d In these cases, work up of reaction

6°
mixtures was carried out as follows. After the reaction was complete,
distilled water was added in order to.effect hydrolysis. The solutionj
was- then transferred to a separatory funnel and washed several times
with distilled water. The ether layer was separated énd alloﬁed to
evaporate and DMSO—d6 added to the sample. The sample was then dried
over Linde 4A molecular sieves and transferred to an NMR tube. This
procedure.minimized dehydration and equilibration. Benzaldehyde was
added as the internal standard.

In the case of phenylation of 4-t-butylcyclohexanone, the chemical

shifts for the axial and equatorial hydroxyl protons are 4.56 ppm and

4.73 ppm respéctively.' The assignment of each alcohol hydioxyl peak to a
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particular isomer was based on several reports in the literature con-
is

6

of the phenylation products of 2-methylcyclohexanone was accomplished

according to the procedure of Luderer, Woodall and Pyle.16 The 1H NMR

cerning their chemical shifts in DMSO and DMSO-d The identification

showed the methyl doublet of the axial alcohol to be at 0.60 ppm and the

methyl doublet associated with the equatorial alcohol to be at 0.62 ppm.

Identification_of the t-butylation products of 4-t-butylcyclohexanone

was accomplished according to the method of Meakins, et al.lsc The axial
hydroxyl proton in D‘MSO-d6 is 3.49 ppm. Finally, the identification

of the t-butylation products of i-methylcyclohexanone was accomplished by

the method of Ficine énd Maujean.17n
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CHAPTER III

RESULTS AND DISCUSSION

“Organolithium Reactions

The detailed results of stereoselective methylation in diethyl

ether of 4-t-butylcyclohexanone (eq.'3) by main group metal organometallic

—-

reagents in the presence of equimolar amounts of various metallic salts

[ca. LiBr, Lil, LiC10,, NaBPh,, Me NI, LiOBut,tMg(OPfi)z, Al(OPri)3 and
Al(NPr;)3I are reported in Tables 38, 45 and 47 .When CH3Li was allowed to
react with 4-t-butylcyclohexanone in diethyl ether solvent, 65% of the

axial alcohol was formed. However, when LiOBut, LiBr,18 LiI18 or Li.ClO4

18
(Table 38) was added té‘an ether solutiﬁn of CH3Li before it was added to
the ketone, the amount of axial alcohol formed increased to 75, 76, 81

or 927 respectively.v When THF was substituted for diethyl ether, no-
increase in stereoselectivity was observed. A number of other salts.
(Exps. 2-7) produced no effect or only a slight increase (ﬁfSZ) in the
formation of axial alcohol. For the cases when Al(NPr§)3, Al(OPri)3,
Mg(OCH3)2, Mg(OP:i)é and Li0Bu® were present, the total product yield

decreased to 80, 85, 83, 85 and 73 % respectively. This compares to the
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total product yield > 92% for the other reactions. This result is pre-
sumably due to enolization.

Because LiC10, had the greatest effect on the stereochemistry of

4
this reaction, it was decided to study the scbpe of this reacéion using
LiClO4 but varying the nature of the ketone:and the organolithium reageﬁt.
When ketones other than 45£7butylcyélohexanone (Table 39) were
allowed to react.with CH3Li in the-pregence of LiClO4, only 2-methylecyclo-

hexanone showed a modest increase in the production of the axial alcohol

(88% without and 96% with LiCl0, added). The other ketones, 3,3,5-tri-

4
methyleyclohexanone and nofcamphor did not shdw any increase in the forma-
tion of the axial alcohol since only the axialkor endo-alcohol was ob-
served in the absence of LiClO4. However, even these ketones showédAa'
pronounced rate enhancement when allowedvto react with CH3Li in the
presence of LiClO4 (Table 40). In the absence of LiClO4, the reaction of
CH3Li with 4-t-butylcyclohexanone, 2-methylcyclohexanone or norcamphor

was essentially over in one hour; however, when LiClO4 was present, the
reaction was complete in less than 10 secends at -78°C. The substantial
rate enhancement is probably due to the increased reactivity of the newly

formed complex between the carbonyl group and LiClO4 (eqs. 4 and 5).

Equation 4 illustrates the proposed transition state for the

reaction of'CH3Li with 4—Efbutylcyclohexanone which provides 65% of the

axial alcohol upon hydrolysis.
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the carbonyl group takes place increasing the rate of subsequent attack by
CH3Li and also influenéiﬂg the subsequent stereochemistry of the reaction.
It is not surprisiﬁg that complexation between LiC.l_O4 and the carbonyl
group increases the rate of reaction with CH3Li since the complexed
carbonyl group should be highly polarized as in other cases of acid
catalysis of carbonyl cémpoﬁnds. ThiS‘gomplexatioﬁ also accounts for the
increase in the formation of the axial alcohol because complex A does not
have the 3,5-diaxial hydragen interaction as illﬁstrated in compléx B,
The complexation also explains the results obtained when THF 1is the
- solvent: namely, no rate enhancement or increase in the stereoselectivity.
THF is more basic than diethyl ether and therefore the carbonyl group can
no longer compete for complexation of LiClO4. j

When phenyllithium was allowed to react with 4-t-butylcyclo-
héxanone and 2-methylcyciohexanone (Tables 41 and 42, respectively)
in the presence of an equimolar amount of LiCiO4 in diethyl ether, only
a slight increase in the formation of the axial alcohols were observed
compared to the reaction without‘LiClo4. When t-butyllithium was allowed
to react.with the same two ketones in_fhe presenﬁe of LiC104,_no change in
stereochemistfy was observed since 1007 axial alcohoi was already formed
in the absence of LiClO4. It was hoped that by increasing the steric re-
quirements in the.transition state (eq. 5) soﬁe’reversal of stereoéhem-
istry ﬁould ensue for those ketoneé wﬁich provided 1007 of one alcohol
isomer, For example, the alkylation of norcamphor with CH3Li provides
100% of the endo-alcohol, but camphof provides 100% of the exo-alcohol
presumably due to the-increaéed steric hindrance of camphor's methyl groups

encountered with exo attack. Unfortunately, the t-butyllithium reagent -
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proved to be so bulky that the presence or absence of LiClO4 is irrelaventf

An.ihteresting observaticn concerning the reaction of t-butyl-
lithium with 4-t-butylcyclohexanone .in the absence of LiClO4 is that of
the products formed, 7% was the eqﬁatorial aléohol prodﬁced’by reduction
of the ketone (Exp. 47) and 307 was recovered ketone. On the other
hand, in the presence of LiClOé, the reduction product was only l1Z, but
the amount of recovered ketone increased to 37%. From Table 43 it can be
seen that without the addition of LiClO4 (Exp. 38), the reaction is
essentialiy over in 15 ﬁinutes, but in the presence of LiClO4 (Exp. 39),
the reaction is over in less than 5 seconds. Evidently, the complexation
of the ketone with LiClO4 increaseé the rate of the addition reaction
substantially without affecting the f-hydrogen reduction pathway and
hence, 1,2-addition product increases relative to reduction product in
the presence of LiClO4.

When t-butyllithium was éllowed to react with 2-methyleyclo-
hexanone (Table 42, Exps. 34 and 35), 13%Z of the ketone was recoﬁered
in the absence of LiClO4 and 147 6f the ketone was recovered when an
equal molar amount of LiClO4 was present. When comparing this result with
that of the 4-t-butylcyclohexanone reaction, it is noticed that 30% of °
41£fbuty1cyclohexanone is recovered when LiClO4 is not present. An |
explanation of this result can be given in terms of enolization inter-

- mediates., 4-t-Butylcyclohexanone has four hydrogen atoms availabie for
abstraction with the two equatorial ones being the most-accessible.
ZéMethylcyclohekanone has three hydrogens available for.abstraction, but

1
the most stable enolate predominates in an 89:11 ratio (eq. 6)? Based

on this, it is expected that the 4-t-butylcyclohexanone would have
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it ' oLt
A9
< (6)

89% ' 11%

roughly twice as many hydrogens available for abstraction than 2-methyl-

cyclohexanone, and this is indeed reflected in the amounts of recovered
starting ketones fof-the two reactidns (30:135 after hydrolysis.

| As discussed above, it was also observed that only the axial al-
cohol, cis-l,2-dimethylcyclohexanol, was produced whether LiClO4 was pre-—
sent. or not. But,_just as for the 4~t-butylcyclohexanone reaction (Table
43), the presence of LiClO4 enabled the reaction to be compléte in less
than 5 seconds for presumably the same reasons discussed above.

When phenyllithium was allowed to react with 4-£fbutylcyclb-
hexanone, 587% of the axial alcohol was produced without the addition of
LiClO4. When LiClO4 was added, the percentage of axial alcohol increased
to 697Z. A siﬁilar résult was obtained with tﬁe reactioﬁ of 2-methyl-
cyclohexanone.and PhLi. The axial alcohol, cis-l-phenyl-2-methylcyclo-
hexanol, was prodﬁced in 88% yield WiFhout the addition of LiClO4, but
with LiClO4 added, the amount of axial alcohol increased fo 94%. Evident=- .
ly, the reasons discuséed for the CH3Li reactions also hold for the phenyi—
lithium reactions but not to the same degree. An explanation for this
maybe due to the fact that CH3Li exists ds a tetramer and pheuyllithiug

as a dimer in diethyl ether. Therefore, the CHBLi could be considered a
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more bulky reagent, and together with the effect of LiClO4 has a greater
effect on the outcome of the addition reactions with ketones than phenyl-
lithium.

' ‘Organomagnesium Redctions

Chastrette and Amouroux20 reported that the presence of LiC10, or

4

NC1 in the reaction of Grignard reagents with 4-t-butylcyclohexanone

4
' - 21
has no effect on the stereochemistry of the products. Georgoulis et al.

' ETBu

also reported that the presence of KOBﬁt has no effect on the stereo-
chemistry of the reaction of R Mg compounds with 4-t-butylcyclohexanone;
however, it did increase the amount of enolization product. Our work in
this area was carried out in order to verify these results as well as in-
véstigate the influénce of other salts and ketones in the reaction of
organomagnesium compounds with cyclohexaﬁones. The results are recorded
in Table 44.

In general, we observed only slight increaées (4;72) in the forma—
tion of the axial alcohdls for the reaction‘of dimethylmégnesium with
ketones in the presencé of equal molar amounts of LiClO4 compared to the
reactions in the absence of LiClO4. However, for. the norcamphor reactions
only the endo-alcohol was observed. We also observed that when Mg(OPri)z
(Table 44 , Exp. 48), was presen; in equal molar ratio with (CHB)éMg,Athe
stgreochemistry of the product increased from 62% axial alcohol when no-‘
salt was present (Exp. 42) to 75% (Exp. 48) when salt was present. A
similar result was obtained when MéMgOPri was allowed to react with the
same ketone. Therefore it maybe argued that a redistribution reaction

according to equation 7 took place which accounts for the so called salt

effect.
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L N

Mg(OR),  +  MeMg g 2 MeMg (OR) Q)

Other salts, NaBPh,, LiBr_or LiI, did not produce any different

t
results than the reactions carried out in the absence of salt. LiOBu
did not increase the stereoselectivity of the reaction, but it did increase

the amount of enolization (307%) (Exp. 47) as was observed by Georgou]_is21

using KOBut. _
Of the Alcohols'produced from the reactions of 4-t-butylcyclo-
hexanone, 3,3,5-trimethylcyclohexanone and 2-methylcyclohexanone with

(CH3)2Mg in the absence of Lic10,,

axial or cis-alcohols. With LiC.]_O4 present, the amount of axial or ¢is-

62, 85 and 807 were the respective

alcohols increased to 69, 89 and 84%, respectively (Table 45, Exps. 50-57).
Grante&, this is not much.enhanced stereochemistry, but it is there,
However, the major effect of the addition of LiClO4 to the reactions was

a pronounced rate enhancement. Therefore, a iate study was conducted with

and without LiClO4 on the reaction of MeZMg with 4-t-butylcyclohexanone

at -78°C (Table 46). It was found that the presence of LiClO increased

4

the rate 5 times over fhat observed for.the reaction without LiClO It

4.
can be reasoned as for the CH3Li reactions that the increased polarization
resulting from the complexation of the carbonyl group with LiClO4 enabled

the rate of reaction to increase with a slight increase in enhanced stereo-

selectivity as well,

Organocaluminum Reactions

Chastrette and Amourouxz have reported that the addition of salts

such as NaF or KF or n-Bu, NX where X = I, Br, Cl or F slowed down the

4
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CHAPTER IV
CONCLUSION

. It was reported by earlier worker_:s5 in this group that the addition

of CH3L1 to 4-t-butylcyclohexanone in the presence of LiClO4-increased the
.formation of the axial alcohol from 65 to 927 compared to the reaction

in the gbsence of LiClO4. In the présent study we conducted a more
deﬁailed investigation éf this unusual observation by allowing other
salts, ketones and organolithium compounds to react under these conditions.
It was observed that LiClO4 had the greatest stereochemical effect on the
reaction of RLi compounds with cyclohexanones of all the salts tested.
When MeLi was allowed to react with 2-methylcyclohexanone in the presence
of LiClO4, only a modest increéée in the stereoselectivity was observed.
But with 3,3,5-trimethylcyclohexanone and norcamphor undér_the same .
reaction conditioné produced no difference in the stereochemistry at all.
When phenyllithium was éllowed tc react with 4-t-butylcyclohexanone and
2-methylcyclohexanone a slight increase in the formation of the axial or
gigrélcohols was obser?ed, but for the é;butyllithium reactions, no
difference was observed. The major result for all of these reactions was
a dramatic increase ip the rate of reaction when the reaction are carried

out in the presence of LiC104.

When'MezMg was allowed to react with ketones in the preSencé of an
equimolar amount of LiClO43 slight increases (usually 4%) in the amount

of axial alcohol were produced compared to the reaction without added
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LiClOA. Again an increase in rate was observed. The increase in rate

for both the organolithium,and Me Mg reactions was attributed to the

2
increased feactivity of the complex formed between -the carbonyl oxygen
and the lithium cation or in other words, the increésed polarization of
the carbonyl group.

| when.MESAl was allowed to react with'4-E7butylcyclohexanone in the
presence of LiClOA; no change in the stereochemistry of the methylated
product was observed compéred to the reaction without LiClOA. The addi-

tion of salts slowed down the reaction presumably due to deactivation of

MeSAl as a result of complexation with the salt Gﬁe3Al-LiClOA).
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Table 38. Reactions of.CﬁﬁLiMMetal Salts with 46§;§utylcyclohexanone in
Diethyl Ether Solvent for 2 Hours at -78 C in 2:1:1 Ratio.

AXTATL EQUATORTAL

EXP. SALT  ALGOHOL (%)* " ALCOHOL ()% ~z:ﬁmb- -
1 None 65 35 . ' 97
2 NaBPh, 68 | 32 97
3 a1 qerl), 6 36 s
4 Al (OPri)3 64 36 85
5 Mg (OCH3) 2 _ 68 32 83
6 ‘ Mg(OP’Zi)2 - 69 31 85
7 Me,NT | 70 30 92
8 LiBr 76 : 24 99
9 LiI 81 19 , 98

10 LioBu® s 25 73
11 Liclo, 92 8 | %6

a) Normalized % Axial alcohol + 7% equatorial alcohol = 100%.

b) Yield was determined by glc and based on an internal standard. No
ketone was recovered in any of the experiments.
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Table 39, Reactions of CH,Li-LiCl10, with Various Ketones in Et.0 Solvent

1 100 0

for 2 Hours at —7800. 4 2

' Lic10 AXIAL EQUATORIAL .
EXP.  KETONE - RETONB- ALCOHOL " (%)%~ ALCOHOL ' (%)
12 | / 0 65 35
13 1 92 8
14 M 0 | 100 0
15 1 100 0
16 M 0 88 12
17 1 _ 98 4
18 ﬂwo 0 | 100 0
19 "

a) Normalized % axial alcohol + % equatorial alcohol = 100%. No ketone
' was recovered in anv of the experiments. '
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Table 40. Rate of Reaction of Ketones w1th CH3L1—L1C104 at -78°C in
Diethyl Ether Solvent.
: RECOVERED AXTAL , EQUATORIAL
EXP. KETONE _TIME ~ KETONE (%) ALCOHOL (%)% ALCOHOL (%)2

20 1 min 56 65 35
3 min 45 65 35

5 min 36 65 35

15 min 15 65 35

No LiClO4 30 min 6 65 35

60 min 0 65 35

21 wWith LiC10, 5 sec 0 92 8
10 sec 0 92 8

22 ' 0 1 min 60 87 13
. 3 min 40 88 12

5 min 33 88 12

‘ _ 15 min 20 87 13
No LiC10, 30 min 7 88 12

60 min 0 88 12

23 with LiC10, 5 sec 5 95 5
10 sec 0 96 A

24 0 1 min - 70 100 0
5 min 55 . 100 0

15 min 31 100 0

30 min 15 100 0

No LiC10, 60 min 3 100 0

120 min 0 100 0

25 With LiCl0, 5 sec 5 100 0
10 sec 0 0

100

a) Normalized % axial alcohol + % equatorial alcohol =

100%.
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Table 41. Reactions of RLi-LiC10; w:Lth b= t—Buty‘cyclohexanone in Etzo
Solvent for 2 Hours at -78°¢. :

ADDITION PRODUCTS  REDUCTION

" 'LiC10 RECOVERED AXTAL . EQUATORIAL. EQUATORIAL

" 'EXP. 'REAGENT 'K.'ETOE%' " 'KETONE ' (%) ' ALCOHOL (%) ' ALCOHOL (%) ALCOHOL (%)
26  MeLi 0 0 65 35 —
27 1 o 92 8 —
28  t-BaLi 0 30 100 0 7
29 - 1 37 - 100 0 <1
30  PhLi o 0 58 42 -

31 1 0 69 31 . -

a) Normalized 7% axial alcohol + % equatorial alcohol = 100%.



Table 42. Reactions of RLi~LiCl0, with 2-Methylcyclohexanone in Et,0
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Solvent for 2 Houbé at*-78°%C. 2
LiC10 RECOVERED AXTAL? EQUATORIALY.

'EXP. 'REAGENT ~ KETO KETONE (%)~ ‘ALCOHOL (%) "ALCOHOL (%) "
32 MeLi 0 0 88 12
33 1 0 96 4
34 t-BuLi® 0 13 100 | 0
- 35 L 14 100 00
36 PhLi 0 0 88 12
1 0 94 6

37

a) Normalized % axial alcohol + % equatorial alcohol = 100%.

b) Without LiCl0, 1% of trans-2-methylcyclohexanol was detected by glc.
With LiClO4 only a trace of trans-2-methylcyclohexanol was detected by

glc.
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Table 43. Reactions of t-Butyllithium with Ketomes in the Presence and

Absence of LiElO4 at _78°C in Et20 Solvent in 2:1:1 Ratio.

- RECOVERED. - AXTAL EQUATORIAL

_EXP.  KETONE " TIME KETONE (%) ALCOHOL (1)% ALcoHOL (%)2
38 /5 45 | 100 0
10 min 35 100 0
15 min 30 100 0
30 min 30 100 0
No LiC10 60 min 30 100 0
120 min 30 100 0
39 With LiC10, 5 sec 37 100 0
10 sec 37 ' 100 0
60 sec 37 100 0
120 sec 37 100 0
40 2 min 50 100 0
5 min 35 100 0
10 min 26 100 0
15 min - 13 100 0
30 min 14 100 0
No LiCl10, 60 min 13 100 0
120 min 14 100 0
41 With Licl0, 5 sec 13 100 0
10 sec 13 100 0
60 sec 13 100 0
120 sec 13 100 0

a) Normalized % axial alcohol + % equatorial alcohol = 100%. -
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Table 44. Reactions of Me {g =Salt Wlth 4= t—Buty]cyc]_ohexanone in Et,0

' Solvent for 2 Héurs at -78°C im 2:1:1 Ratio. 2
AXIAL EQUATORIAL. .

FXP.  SALT . ALCOHOL ()% ATcomoL (0* % YTELDP
42 | None 62 38 96
43 Liclo, 65 35 | 96
44 NaBPh, 60 | 40 97
45 LiBr 65 35 95
46 LiI 65 35 94
47 Li0Bu® 65 : 35 70
48 Mg(opri)2 74 26 89
49 MeMgOPrl (only) T - 25 91

a) Normalized 7Z axial alcohol + % equatorial = 100%.

b) Yield was determined by glc using an internal standard. No ketone
was recovered in any experiment.
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Table 45. Reactions ofoMezMg—L1010, with Ketones in EtZO Solvent for 2
Hours at =78 C In 2:1:1 ﬁatio.

" 'LiC10,  RECOVERED AXTAL. . EQUATORIAL

CERP. KETONE =~~~ KETONE ~ 'KETONE (%) * ALCOHOL " (%)2" 'ALCOHOL " (2)®
50 : 0 0 62 - 38
51 1 0o . 62 ' 31
52 M 0 o 85 15
53 1 0 89 | 11
54 : Z 0 0 - 80 20
55 1 0 84 16
56 0 0 100 0
57 1 0 100 | 0

a) Normalized % axial alcohol + % equatorial alcohol = 100% .

[
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Table 46. Reactions of Me Mg with 4 t—Butylcyclohexanone in the Presence

and Absence of 1ClO4 in Et20 Solvent at -78° C in 2:1:1 Ratio.

RECOVERED AXIAL _  EQUATORIAL
CEXP., 7" 'CONDITIONS '~ KETONE (%) ALCOHOL'(Z) ALCOHOL (/)
58 No I..:’LClO4 2 min 50 62 " 38
5 min 35 62 38
10 min 20 61 39
15 min 13 62 38
30 min . 55 63 37
60 min 0 . 62 38
120 min 0 e 38
59 L:LClO4 Added 10 sec 5 : 69 31
20 sec 0 70 o 30
40 sec 0] 70 30
| 60 sec 0 68 32
120 sec 0 | 69 N a1
120 min 0 69 31

a) Normalized % axial alcohol + % equatorial alcohol = 100%.
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Table 47. Reactions of Me,Al-Salt with 4-t-Butylcyclohexanone in Et20

Solvent for IZi%ours at ~78°C in a 2:1:1 Ratio.

RECOVERED © AXTAL - EQUATORIAL

EXP.  SALT ~ KETONE (%) ALCOHOL“(%)a’"ALCOHOL'(%)a'%‘YiEtDb '
60 ~ None 0 85 15 .98

61  Liclo, 0 88 12 96

62 NaBPh, 0 88 | 12 95

63 LiBr 0 85 | 15 95

64 AT 0 85 15 94

65 LioBu® 0 85 15 72

a) Normalized 7 axial alcohol + % equatorial alcohol = 100%.

b) Yield was determined by glc using an internal standard.
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PART V

ALKYLATIONS OF ENONES AND KETONES USING

SUBSTITUTED ALKYLALUMINUM COMPOUNDS
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CHAPTER I

INTRODUCTION

Background

It is well known that LiAlH4‘favors 1,2-reduction of enones.l_ On
the other hand, the reactivity of LiAlH4 can‘be substantially modified by
the addition of metal salts. In this connection LiAlH4fAlC13 has found
unusual applicability in epoxide reductions,2 LiAl(OCHS)SH-CuI can effect
reductive removal of\halo and mesyloxy groups3 and'LiAlH4—TiCl3 has been
found to be an excellent coupling reagenf.4 The LiA1H4--CuI5 reagent has
been found to reduce enomes conjugatively in 98% yield with 100% regio-
selectivity. However, it was found that the reactive intermediate was
HZAII and not CuH or CuAlHa.

Recently there has aléo been an increased interest in méthodé férﬁ
effecting 1,4-conjugate addition to a,B-ﬁnsaturated systems.7 In addi-
tion to lithium dialkylcuprate and copper-catalyzed Grignard reagents;

Brown and Kabalka8 have found that trialkylboranes undergo l,4-addition

to a variety of a,P-unsaturated substrates via a free radical chain pro-

cess. More recently Kabalka and Daléy9 found that trialkylaluminum com-

pounds exhibit analogous behavior when photolyzed at -78°C or in the

presence of catalytic amounts of oxygen, and were able to demonstrate the
- .

intermediacy of free radical species. Ashby and Heinsohn 0 and Mole, et

gl.ll independently have shown that nickel acetylacetonate does catalyze

the 1,4~-addition of selected enones in high yields and :egioselectivity..
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Taking into account that the active—specieé in the l,4~reduction
of enones by LiAlHA—CuI is HZAlI, it seems quite within reason to inves-—
tigate the possibility of performing the 1,4~addition of enones with sub-

stituted alkylaluminum compounds without catalysts,

Purgdse

As stated above, earlier workers in this group.have shown thaf
HéAlI provided 1007 of the l,4-conjugate addition product when allowed to
Teact with enones. Therefore we investigated the possibility of using
R2AlX and RAlX2 compounds to prcmote Fhe non-catalyzed 1l,4-conjugate
addition ta enones. We also wanted tb conduct a systematicvstudy con-
cérning thése compounds (e.g. solvénts, molar ratios and temperature

effects) towards the alkylation of model ketone systems. To achieve

these goals we prepared a varied array of substituted alkvlaluminum

compounds and allowed them to react with representative enones and ketones

under consistent conditions.
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CHAPTER I

EXPERIMENTAL SEGTION

Manipulations of air-sensitive compounds were performed under
nitrogen in a glove box equipped with a reciréulating system using man-
ganous oxide columns to remove oxygen and dry ice-acetone traps to fémove
solvent vapors.12 Reactions weré performed under argon or nitrogén at the
bench using Schlenk tube techniques.13 ”Syringes equipped with stéinless
-steel needles were used for transfer of réagents. All equipment was
_flash flamed or heated in an oven and cooled under a flow of nitrogen or
argon before use. Proton NMMR spectra were obtained at 60 MHz using a
Varian A-60 or T-60 NMR spectrometer, GLPC analyses were obtained with a
Hitachi (Perkin-Elmer) Model RMU--7 or Varian Model M-66 mass spectrometer.
The ir épectra were determined with a Perkin-Elmer, Model 621 or Model 257

infrared recording spectrophotometer,

_AnalztiCal
Active CH3 or CZHS group analysis were carried out by hydrolyzing
samples with hydrochloric acid on a standard vacuum line equipped with a
Toepler pump.16 Aluminum was determined by adding excess standard EDTA
solution to hydrolyzed samples énd then back titrating with standard
zinc acetate solution at pH 4 using dithizone as an indicatdf. ‘Halide was

determined by titration witthgN'O3 and back titration by KCNS with ferric

alum indicator,
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" ‘Materidls -

Fisher Reagent Grades anhydrous diethyl ether and tetrahydrofuran

(THF) were distilled from LiAlH, and NaAlH,

Lithium aluminum hydride solutions were prepared by refluxing

, respectively prior to use.

LiAlH4 (Alfa Inorganics) in THF or diethyl ether for at least 20 houré
followed by filtration through a glass fritted fumnel aided by Celite ’
filter aid in the dry box. The clear. solution was sténdardized for
aluminum content by EDTA titration.
2,2,6,6-Tetramethyl-trans-4-heptene-3-one, m. p. 43.0-43.7°C, NMR:

(cci,, T™™S), 6.2-7.0 ppm (2 H, quartet, olefinic); 1.10 ppm (18 H, singlet,

4?
two t-butyl groups) was obtained from co—wbrkers, J. R, Boone, T. L.
Wiesemann and J, J.:Lin. Trans-3-penten-2-one, chalcone (Aldrich), 4-t~-
butyleyelohexanone (Friﬁton), 2-methylcyclohexanone and 3,3,5-trimethyl-
cyclohexanone (Chemical Samples) were obtained commerciaily and purified
by sublimation of distillation under vacuum,
Diisopropyl amine (Fisher) was purified by distillation ovef NaOH.
Tert-butyl alcochol (Fisher) wﬁs purified by distillation over CaHz.
2,2,6;6—Tetramethylcyclohexanol.waé prepared by the LiAlH4
reduction at QOC in dieﬁhyl ether of 2,2,6,6-tetramethylcyclohexanéne
which was prepared by the exhaustive methylation of cycloheXénone in the
presence of NaH—ErBuOH-Me117 (Sée-Part III). |
Trhnethylaluminﬁm and triethylaluminum were obtained from Texas
Alkyls and distilled under vacuum in a dry box. Triphenyialumiﬁum was

14

- prepared according to the method of Mole. Aluminum foil (10 g) activated

by (aq)HgCl2

and washed with ethanol and diethyl ether and was stirred

under vigorous reflux with diphenylmercury (Alfa Inorganics) (30 g) in
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benzene for 4.5 hours. vfﬁe éolution waé filtered and the solid residue
was found after treatment with dilute acid to contain mercury. The.
filtrate was evaporated to a volume of 100 mi. The benzene solution of
triphenylaluminum was analyzed for aluminum - content by EDTA titration and
back titrated with zinc acetate with dithizone as the indicator.

MezAlCl MeAlClz, MezAlBr, MeAlBrz, MeéAlI, MeAll,, Et,AlCl, EtAIC,,

Et,AlBr, EtAlBrz, EtzAlI, EtAlIz,'thAlI and PhA112 were prepared by the

2
distribution reactions of Me3Al, Et3Al or Ph3A1 with freshly sublimed and

finely crushed AlCl,, AlBr, or AlI3 (Alfa Inorganics) in THF or benzene at

3 3
0-10°C with good stirring.15 The iodo—compdunds were also prepared by
adding a stoichiometric amount of iodine in benzene or THF to Me3Al, Et3Al
or Ph3Al at 0°C. The resulting methyl or ethyl iodide (eq. 1) was removed
o benzene . ' ' '
I, + | RAL— =) RALT + RI (1)
(Ph), (Ph), (PhI)

by applying a partial vacuum. If any solvent was lost, it was replenished
-with freshly distilled solvent. The iodobenzene did not appear to inter-
fere with the subsequent reactions since the phenylaluminum compounds

prepared both wﬁys provided the same result.

| Me AlOBu EtzAlOBu thAlOBu Me AlOCH Et AlOCHB, thAlOCH3
Me Alo-&b s MeAl(O-Q )2, Et AlO—(D s Ph AlO—Q » Me Al(NPr )
Et Al(NPr ) and Ph Al(NPr ) were prepared by the addition of the appropri~-
ate alcohol or amine in THF or banzene and allowed to react in stoichio~
metric amounts with the appropriate trialkyl- or arylaluminum compbund.

All the reagents were anélyzed for aluminﬁm content by the usual EDTA -
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slightly depending on gle conditions for enones I and II, but the order of
elution was alwﬁys the éaméé enone firs:,.l,4-ﬁé%hy1ation product second
and 1,2-methylation product last. However, when 2-cyclohexenone was the
substrate, n-octyl alcohol was employed as the internal standard and the .
order or retention was l,2-methylation product first, l,4-methylation
product second and ﬁhe enone last. The products from the chalcone reaction
wére determined bf.lﬂ NMR: enone (2 H, vinyl, multiplet at 6.7-7.4 ppm);
1,2-methylation (3 H, methyl group, singlet at 1.43 ppm and 2 H, vinyl,
multiplet at 6.5-7.5 ppm); l,4-methylation (2 H, methyléne group, doublet
Iat 2.7 ppm J = 6 Hz’ 3 H, methyl group, doublet at 1.15 ppm J = 6 ﬁz and
1 g, me{:hine, multiplet at 2.80 ppm.

'Ethylation of Enones

The ethylation products from the reactiop;of the RﬁALX3_n compouﬁds
with 3-penten-2-one (enone II) were dete?minéd'on a'lO'ft;LS% Carbowax 20M
on Chromosorb W-NAW column at 130°C with a flow rate of 45 ml of He/min.'
The order 6f elution was 1,2-reduction product, enone, l,4-ethylation pro-
duct and 1,2-ethylation product. An authentic sample of the 1,2-reduction
product, 3-penten-2-0l, was obtained from co-worker J. J. Lin.. Pfaltz an&
Bauer Chemical Company prdvided an authéntic sample of the l,4-ethylétipn
product, 4-methyl-2-hexanone. The 1,2-ethylation product, 3-methyl-4-
hexen-3-0l, was prepared from the reaction of triethylaluminium or ethyl-

magnesium bromide with the enone..19

'Phénylation of Encnes

The phenylation products from the reaction oflPhnAlx compounds

3-n

with 3-penten-2-one (enone II) were determined on a 10 ft. 5% Carbowax 20M
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On Cﬁromosorb W-NAW column at 160°C with a flow rate of 45 ml of He/ﬁin.
The order of eiution was enone first, 1l,4-phenylation product and then the
1,2-phenylation product. The l,2-phenylation pfodupt, 2-phenyl-3-penten-2-
ol, was obtained from the reaction of phenyllithium with 3-~penten-2-one and
from the Chemical Samples Company. The l,4-phenylation prodﬁct, 4-phenyl-
2-pentanone, was isolated by prep glc and énalyzed according to the pro-

cedure of Melpolder and Heck.26 ‘

‘General Reactions with Ketones

The same general procedure used for the enone reactions described
above was followed for the ketone reactions,

Methylation of Ketones

The MenAlX3_n compounds listed above were allowed to react with
4-t-butylcyclohexanone (kétbne 1), 3,3, 5-trimethylcyclohexanone (ketone II)
of 2-methylcyclohexanone (ketone III) in benzene or THF at various tem-
peratures, After.the designated reaction time, the reaction with an
internal standard, n-014H30, was quenched slowly with H20 and dried over
MgSO4. A 12 ft. 10% FFAP on Diatoport $ coluﬁn (column temperature: lSOOC,
helijum flow rate: 60 ml/min) was used to separate.the products for ;he7,
4-t-butylcyclohexanone reaction. The retention time was 13.4 min. for n-
C14H30 » 32.7 min. for Eigfl-methyi—4—£7butylcyc1ohexanol, 38.0 min. for
4fErbutyl¢yclohexanone and 42f0 min, for 5532571—meﬁhyl—4—£7butylcyclo-
hexanol. A 12 ft..loz.diglyqerol on Diatoport S column at 80°C was used
to separate the products from the 2-methylcyclohexanone reaction. The
.retention time wasl4;4 nin for the ketone, 5.2 miﬁ. for cis-l-methyl-2-
methylcyclohexanol, 9.5 min, for'§£§2§7lqnethylez-méthylcyclohexanol and
16.0 min. for n—C o H A 10 ft. 20% SAIB on Chromosorb W column at 180°%¢c

14730°

(flow rate was 60 ml of. He/mln) was used to determine the products from the



methylation reactions of 3§3§S-trimethylcycloheiéﬁﬁne (ketone III). These
conditions gave retentiQn times of'S.O,,&.Oyand_ﬁ.O minuteé for the ketone,
axlal alcohol and equaforial alcohol;.respectively., Authentic samples of
all products were obtained from co—workér J. J. Lin.

‘Ethylation of KRetones

The eihylation pro&ucts obtained from the reaction of Et A1X3-
n 3-n

compounds with 4-t-butylcyclohexanone (ketone I) were determined by a 10
ft. 202 SAIB on Chromosorb W column at 159°C (flow rate of 60 ml of
He/min). The retention times for ketone (I), axial alcohol (alkylation),
equatorial alcohol (alkylation), axial alcohol (reduction) and equatorial
alcohol (reduction) were 30.0, 39.0, 45.0, 28.0 and 32.0 minutes, respec-—
tively.

" Phenylation of Ketodes

The products and their ratios from the reactions ﬁf PhnAlX3-n with
4-t-butylcyclohexanone (ketone I) were determined by the procedure of
Ashby, Laemmle and Roling;21 After the desired reaction time; the
reactions condqcted in benzene were-subjécted to vacuum until all benzene
.had been removed...Wet diethyl ether was‘then added to the cérbinolate in
order to effect hydrolysis. The_solution was then transferred to a
separatory funnel and the alﬁminum salts were removed by several'washings
with distilled water. The ether layer was separated and allowed to eﬁap—
orate and DMSO-d6 was added to the sample. The sample was then dried
over Linde 4A molecular sieves and transferred to a NMR tube. In those

caées where THF or_diethyl ether was employed as a solvenf, the work-up

was identical except that the solution was hydrolyzéd directly with dis-

tilled water. In the case of the phenylation of 47£fbutylcyclohexanoﬁe-
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(ketone I), the chemical shifts are 4.56 ppm dnd 4.73 ppm for the axial

and equatorial hydroxyl protons, respectively. The assignments of each

alcohol hydroxyl peak to a particular isomer were based on numerous Treports

in. the literature concerning their chemical shifts in DMSO and DMSO-dé.22
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CHAPTER III
RESULTS AND DISCUSSION

Enone Reactions

‘Methylation of Enones

Four enones, 2,2,6,6-tetramethylétréns—4—hepten—3—one (), 3~
penten-2-one (II), chalcone (III) and 2-cyclohexenone (IV), were chosen

ot
to react with MeSAl, M€2A1C1, Me AlBrf gEZAlI, MeAlIz, MQZA10CH3, MezAIOBu

2
Me2A10-§::> , MeAl(o—§;:> ) and Me AINPr, in THF and benzene.

It was expected that for steric reasons the MeAlX2 compounds
would be more regioselective than Me2A1X or MeéAl an&'thé fegioselectivity
of the addition would decrease as the steric réquiremenx of the X group
- decreases (I > Br > Cl or O-Q > OBut > 0Me)e

Earlier workers in this group chose 2,2,6,6-tetramethyl-trans-4-
heptene-3-one (enone I) as the representative enone for the regioselective -

- reduction study witthnAlx compounds. Therefore enone (I) was also

3-n
.chosen as the representative enone for this study. The reagents mentioned

" above were freshly prepared in THF or benzene (Experimental Section) for
each reaction and allowed to react with enone (I). The results are shown
in Table 48. Very little difference was observed in the results for the
reactions in THF or benzene except that in most cases, less starting

material was recovered when the reactions were conducted in benzene than

in THF. Enone (I) was allowed to react with Me,Al which resulted in no
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" 1,4-addition at methide:efiode = 3. However at méthide:enone = 1, small
amounts of l,4-addition (1-5%) were observed. This was expected since the
steric requirement of the reagént_inéreases from Me3A; to MezAIOR to
MeAl(OR)2 during the course of the reaction. It is clear from Table 48
that as Cl, Br. . or I replace a mefhyl group in the reagent, the amount of
recovered -enone (I) increases indicating rate retardation because»of the
incfeasinglsteric bulk of the reagents. However, as the rate decreases
‘the amount of l,4-addition increases in the following order: MQ3A1'(1-5Z)<
Me,AICL (5-7%) < Me,AlBr (20-21%) < Me,AlT (98-99%) > MeAll,(95%). |
Therefore we can say that thg greater the steric bulk, the slower the
reaction but the greater the stereoselectivity of the reagent.

‘However, due to the steric requirément of MeAlIZ, the addition with enone
(I) is much slower compared to MezAII.. Because MeA112 reacts so slowly,

the regioselectivity suffers slightly pxobably due to a small amount of

AlMe, formed by disproportionation (eq. 1). .

3

3 MeAll, Yy 2 ALl + Me,Al (1)

v : L e e . . e )
Farlier workers in this group have shown that 1,4 conjugate reduc=
tion of enones with H2A1X compounds resulted from a six~center transition.

state (A).5 This type of transition state would make it more difficult

P

e
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for the rigid cyclohexenoneé systems, Eigfenoneé 4hd trans-enones possessing
disubsﬁitution at the‘B—carbon of the enone to accomodate such a transition
state (A) and hence these kinds of compounds should react more slowly.
Presumably, the 1,4-conjugate addition Which took place in the above re-
‘actions also proceeded through an analogous ttanéition sﬁate and this

would explain the rate retardation encountered with bulky reagents or
reactants.

When the alkoxy or diaikylémiﬁo reagents were allowed to react with

enone (I) only starting material was observed with a decrease in mass ba

lance (70-91%). It was expected that Me2A10—§i3>) MeAl(Ot§$:>)2,

ﬁé2A1NPr§ and MeAl(NPr%)z‘which are very bulky reagents wbdideéwééfjm
selective towards 1,4-addition. However, only starting material (ehonq I)
was observed after being allowed to react with these reagents»accompanied 
by‘a décfease in mass balance (Table 48).

As Ashby and Heinsohn10 noted, l.4-addition can take place forming

an intermediate enolate which can then react with starting enohe_(eq- 2)
' AlMe
T
' : . cat < ,
+ Me3A1-———m————¥) + \

H20 (2)
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when trimethylaluminum i allowed to react with 2<cyclohexenone in the
presence of a catalyst (nickel acetylacetonate). A similiar sequence

| is proposed for the MenAlx reactions which can account for the loss of

3-n
mass balance.

Since MezAlI produced the greatest amount of 1,4-addition product .
when allowed to react with enone (I), it was decided to allow MezAlI'to

react with other enones, .e.g. 3-pentene-2-one (1II), chalcone (III) and

2-cyclohexenone (IV) (Table 49). With enone (II), a 55:45 ratio of 1,4:
1,2 addition products in THF and a 61:39 ratio in benzene were obtained.
Similar results were oSserved for enones (III) (67:33) and (IV) (65:35);
however, for enone (IV) a larger amount of enone was not accounted for
: presumébly due to further reaction of the intermediate enolate as dis-
cussed above,
Since the bulky féagents, e.g. MeAl(O—§::>)2, wefe not effective.

_ fofwi;4 conjugate addition to enones, we decided to add bulky coordinating

agents, e.g. PhBP, n-Bu,P or HMPA to MeBAl and then allow the mixture to

3
react with enones (I) and (II) (Table 50). It was found that enone’(I)
‘reacted very'slowly in THF for all of the reacfioﬁs. In benzene, however
Ph3P allowed only 64% of enone (I) to produce the methylated products with
8% being of the 1,4 orientation, ﬁhilé EfBuaP allowed only 6% of the enone
to react producing a 15:85 ratio_ofyL,&:l,Z products. Né methylated

products were observed when HMPA was present.

For enone (II), the addition of coordinating agents listed above
increased enolization such that in no case was more than 4% of enoﬁe.(II)
-Yecovered, But with HMPA in THF and benzene, the l,2-methylatioh product

was obtained in 32 and 47% yields, respectively.
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These results do not offer much encouragement for the development

of steréoseiective reagents towards the methylation of enones.

To continue our study of non-catalyzed l,4-addition oqurgano—
aluminum compounds, we allowed a more bulky alkyl group;'ethyl, to .be
present on the aluminum atom. Hence, we a.llowed:EtnAJ_X:;_n compounds to
react with an unencumbered enone., 3-penten—2-one (enonme II), in THF or
benzene at different times, temperatures and mole ratios of reagent to
enone. The results of this study are listed in Table 51.:

When Et3Al was allowed to react with enone (II), the 1,2-ethylation
product, 3-methyl-4-hexen—-3-o0l, was the majof:product with a smali amount
(KQ%) of the l,2-reduction ﬁréduct, 3-penten-2-0l, also being produced{
As one of the ethyl groups was replaced with Cl, Br or I, the amount of
l,2-reduction product also increased from approximately 3 to 6 to 13%,
respectively, in both TEF and benzene. However, it should be noted that
the benzene reactions always produced less.éthylation and more reduction
product than the THF reactions. Also, the amount of l,4—ethyiation pro-
duct also increased from approximately 1 to 3 to 187 as one of the ethyl
groups was replaced with Cl, Br or I, respéctiVely. If two iodo groups
were introduced into the system, the amount of 1,4-ethylation increased to
n287%, but the 1,2-reduction product also increased to 35%. These resulfs
are reminiscent of the MenAlXB—n reactions discussed above.

An observation for.this reaction which differed from the MenA1X3~§
reactions was that in no case was starting enome recovered. However, the
mass balances were approx;mately the same which implies that the alkylation-

reactions take place at about the same rate for both systems, but the B~



: 248

reduction pathway in the EtgAlXS,n system is preminent because of the in-
n -

creased steric requirements.

If more bulky groups (e.g.- NPrz, OBu s Or 0—§j:>) were intro-

duced into thg system, the amount of 1,4fadd1tlon or 1,2-reduction was
not increased, but the mass balance was lowered considerably (32-42%)

which was also observed for the MénAlXB_n reactions. This result may

also be attributed to the élready discussed énolization reactions.

Phenylation of Enones

When triphenylaluminum, a bulky reagent, wa's allowed to react with
an unencumbered enone such as 3-penten-2-ome (II) (Table 52), 60% of the
1,44phenylation product.was observed via glc. As other PhnAlX‘?’__n com-
pounds were allowed to react with enone (I1), an increase in the production
of 1,4-addition product was obserﬁed for X = Ci(65%),'Br(90%) and I(100%)
but accompénied by a lowgr m#ss balanée.(approximately 77, 75 and 66% in
both THF and benzene). This may be=exp1ained on the basis that as the
amount of l,4-addition increases, the newly formed enolate caﬁ attack
starting enone (eq.‘2). This explanation accounts for the observation of
no recovered enone and is confirmed by the factvthat when PhAlI2 was allowed
to react with enone (II) 100% of the 1,4-addition product was produced but
only in 5110% yield. The two large iodine atoms slow dbwn the reaction
considerably, and, théréfore, the newly forméd enolate has plenty of time
to react with starting enone and-thefeby.iower the yield of l,4-addition
product. |

If other bulky substituents (e.g. NPrz, OBut, and 0—{?:}) were in-

troduced into the system, 74, 76 and 81% of the l,4-addition product was
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observed, respectively. iHoWever, just as for thé other reactions
described above, only a émall yvield (approximately 25, 22 and 117, respec-
tively) of the phenylated product was obtained with>no starting enone
recovered, Diréct enolization or the reaction of the newly formed 1,4~

enolate with starting enone may be responsible for this low mass balance.

Ketone Reactions

Methylation of Ketones

A most unusual observation was mgde when it was found that Me3Al
attack is favored by WIBSZ.ZA’ZS It was shown that in hydrocarbon sol;
vent "compression effe;ts“ cbntrolled the product‘distribution when
reagent to ketone ratios were 2:1 of greéter.z1 In ratios less than 2:1
qr in THF, steric effects were the effective force. Therefore, MenAlX3_n
compounds were a;lowed to react with ketones with bulky substituents in
order to observe their effecﬁiveness towards stereoselective addition.

The fdllqwing reagents were allowed to react with a
cqmpounds were allowed to react with a representative ketone, 4-£7bﬁtyl-
cyclohexanoﬁe, in order to observe their effeétiveness towards sterero-
selective addition. |

The following reagents were investigated in THF and benzene at

different times, temperatures and mole ratios of reagent‘to ketone:

Me Al Me AlCl Me AlBr, Me AlI MeAlI ’ MeZAlNPrZ, Me AlOCHB, Me AlOBu s

Me A10—€::> , and MeAl(0—<::>)2. The results of this study are listed in
Table 53. It was found that increasing the steric bulk of the methyl-
aluminum halide reagents from Cl to Br to I had little effect on the ster-

eoselectivity of the reaction. However, the increased steric bulk of the



250

reagent decreased the rate of reaction and theréfore, 80, 83 and 97% of
the ketone was recovered according to glc analysis.

However in benzene, a réagent/ketone ratio of 3:1 als; had little
effect on the stereoéelectivity (6-10% éxial alcohdl), but as the ﬁalo
subs;ituents changed from Cl to Br te I the yield of addition product

 decreased from 95% for Me.Al to 79% to 66% to 53%, respectively which

3
reflects the increased steric bulk of the reagents. Also, thé amount of
recovere& ketone increased from 0% to 17% to 25% to 40% respectively.
 This also reflects thé increased steric bulk by decreasing the rate of
reaction.

At a reagent/ketone ratio of 1:1 in benzene the increase in the
bulkiness of the ha;o substituent decreased the rate of reaction as was
,AICL
(70%),-Me2AlBr (80%) and MeZAII B7Z)). Also,‘the amount of axial alcbhol

indicated by the amount of recovered ketone (e.g. MeBAl'(33%), Me

‘decreased from EeBAl (75%), to MezAlCl (57%) to MezAlBr (40%) to MeZAII

(20%).. Therefore, it may be assumed, that the increased bulkiness of the
reagent does indeed inérease the stereoselectivity of the réagent.

" If two iodo groups are introduéed.into the reagent, MéAlIz, the rate-
is slowed down even more in both THF and benzene resulting in 97% recovery
of ketone (I) in THF, 91% recovery in benzene when the reagent/ketone ratio
was 1:1 and 50% when the ratio was 3:1, rgsults which compare to 40% ob-

tained for Me,All under the same conditions. The production of axial al-

2
cohol remained around 6% in a 3:1 rétio of feagent to ketone in benzene,
but in a 1:1 ratio the axial alcohol decreased to 1 % which was only a 2% 

decrease from that observed for the MezAlI reaction. Therefore, it may be

safe to assume that MezAlI is the most stereoselective reagent studied,
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or reduced (36%)., Of thei:tﬁéieted prgiﬁe£§; ?g% was the axial alcohol
while 81% of the reduced producr wzs the equg torial alcohol. As one Cl,
or Br or I group was 1ntrdduced 1n the ieaﬂevijdnder these conditions,
the amount of recovered ketone remained essentially the same (“130/)
This was a decrease of roughly 16/ from the Et3Al reaction. Also, the
amount of ethylated product decreased to 41, 40 and 43%, respectively,

compared to 64% from the Et, Al reaction. Therefore, one. can conclude

3
that with the introduction of halogens, the B-reduction pathway becomes
prominent. Also, for the ethylated product, there was an initial decrease
in the peicent of axial alcohol produced from the.EtBAl reaction compared
to EtzAlCl. But, then there was a steady increase in the axial alcohol
‘from Cl to Br to I (65 to 70 to 75%, respectively). However, the per
cent of the reduced axial alcohol remaided constant at 20%. This reflects
the increasing steric bulk of the reagents.

¥For the 3:1 ratio of reagent to ketone'reactions, " 67 of the
ketone was recovered fof the EtzAlX reactions compared to no recovered
ketone for EtaAl. The amount of ethylated and reduced products (40-43%
and 57-607 respectively) remained constant throughout the halide series.
.but the amount of axial ethylated alcohol decreased from C1(27%) to
Br(ZOZ) to I(L5%), again reflecting the increasing steric bulk of the
reagent. The.reduced axial alcohol remained constant for the chloride
(26%) and bromide (25%) reactions but increased for the iodide reaction
(35%).

The frends oﬁserved for the mono halide reactions were amplified
for the EtAlI2 reactions because of‘the_greatly increased steric bulk of

the reagent. That is, a larger amount of ketone was recovered for both
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This once again points out the fa g_thatﬂasfthe‘géégent becomes larger
the stereoselectivity also‘iﬁc?eased:but'the ﬁieid is so low that the

reagent is impractical,
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CHAPTER IV
- CONCLUS ION

The major conclusion from this study is that the greater the steric

bulk of the RnAlX compounds the greater the stereoselectivity, with the

3-n
best reagent being RZAlI. But, because of low yields, the use of substituted

organoaluminum reagents is impractical for the addition to enones and/or

ketones,



Table 48. ‘Reactions of MenA1X3-n ¢ompounds With Enone (I)f

‘REAGENT | TEMP TIME RECOVERED ALKYLATION PRODUCTS (%)2
REAGENT " ENONE SOLVENT c) (hr) ENONE (2)®  Toran 1,4 1,2
Me A1 o THE RT 24 20 75 3 97
3 | 20 76 1 99
1 45 8 17 | 73 » 3 | 9?»
3 o 16 o 2 98
1 Benzene _ RT | 24 2 ‘ 97 -5 .. 95
3 1 96 - 99
1 45 8 2 94 4 96
3 2 93 1 99
Me,AlCl 1 THF R 24 25 71 6w
3 2% 70 5 95

1 ~ Benzene | 21 70 7. - 93









Table 48 (Cdntinued)

'REAGENT TEMP TIME RECOVERED
(

’ o
ALKYLATION PRODUCTS (%)2

_REAGENT ENONE ___ SOLVENT °c) (hr) ‘:31\1_0NE'(‘/’;)b TOTAL = '1,4 1,2
| MezAio—gi) 1 THF RT 24 91 0 0 0
L3 | 91 0 0 0
1 Benzene 89 0 0 0
0 0 0

3 ' 89

a) Normalized as per cent l,4-product + per cent 1,2-product = ]0Q0%.

b) Yield determined by gle and based on internal standard.,

667
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Table 49. Reactions of ME'Alx With Other Enonés in Benzene and THF at
Room Temperature for 24 Hours in a 2:1 Ratio.

o 'RECOVERED, - . -METHYLATION PRODUCTS (/)b
ENONE SOLVENT ~ . 'ENONE (%) = TOTAL "~ "l,4 1,2
. Benzene - ;20 o -39 61 -39,
THF 33 R 33
j, Benzene 15 75 68 32
THF . 50 3 40 " 65 25 -
Benzene _ 45 - . 38 . 66 24

a) Yield dgtermined by glc and based on an internal standard.

b) Normalized as % l,4-product + % 1,2-product = 100%.
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Table 50. Reactions of Me_ Al With Enone (I) éh& Fnone (II) in the
Presence of Coofdinating Agents at Room Temperature for 24

Hours.
: COORD INATING .RECOVER.EDa METHYLATION PRODUCTS (%)°
R ENONE ~ 'AGENT ' SOLVENT ** 'ENONE (%)% TOTAL ~ * 1,4 ' ‘1,2
/\/ﬁ\ Ph,P THF 0 0 0 0
Benzene 0 0 _ 0 0
_p_—Bu3P THF 0 0 0 0
Benzene 4 : 0o 0 0
HMPA  THF 0o . 32 0 100
Benzene 0 47 ' 0 100.
X\/ﬁ>< Ph,p  THF 91 0 0 0
' Benzene 28 64 8 92
" n-BugP THF 90 2 0 100
Benzene 89 6 15 85
HMPA THF 90 0 0 0

Benzene 89 0 ' 0 0

a) Yield determined by glc and based on an internal standard.

b) Normalized as % l,4-product + % 1,2-product = 100%.



Table 51. Reactions of EtnA1X3-n Compounds With Enone (II).

| | ADDITION PRODUCTS (%)  REDUCTION PRODUCTS (%)
. ' REAGENT - TEMP TIME RECOVERED A o e b Y
REAGENT __ENONE __ SOLVENT " (°C) ~ (hr) ' 'ENONE (%) TOTAL® " 1,4° "~ 1,2° - TOTAL® 1,47 1,2
. 1 THE ~ RT 24 0 93 Trace 100 1 0 100
EtyAl 3 0 92 Trace 100 1 0 100
1 45 8 0 90 Trace 100 1 0 100
3 0 90 Trace 100 1 0 - 100
1 Benzene RT 24 0 92 Trace 100 1 0 100 .
3 - 0 93 Trace 100 1 0 100
1 45 8 0 90 Trace 100 1 0 100
3 0 91 Trace - 100 1 0 100
EtAlCl 1 THF RT 24 0. 90 . Trace 100 3 0 100
3 | 0 90 Trace 100 2 .0 100
1 Benzene RT 24 0 85 o1 99 _ 4 0 100
3 : ' 0 84 1 99 3 o ‘100
| Et,AlBr 1 THF RT 24 0 85 1 99 5 0 - 100
3 0 . 8 1 99 5 0 100
1 Benzene RT 2% 0 78 3 97 6 0 100

3 _ ' 0 75 4 96 6 0 100

292



Table 51»(Contihued)

r

ADDITION PRODUCTS (%) REDUCTION PRODUCTS (%)

REAGENT TEMP TIME RECOVERED L |
REAGENT ~ ENONE sovENT  (°c) (hr) mwonE () Torar® 1,4  1,2°  Torar® ARS L
EtAll 1 THF RT 2% 0 80 15 85 12 o 100
3 - - 0 79 11 83 13 0o 100
1 Ben;éne RT 24 0 75 18 g2 . 13 _oV 1007
3 - 0 3 18 81 L 0 100
EtAlL, 1 T RT 24 0 s 2 73 30 S0 100
| 3 o o4 28 72 31 0 100
1 ﬁenzene RT .24 | _Tracé _‘ 45 28 | 72 : ‘35 0 .100\
) 3 o Trace 46 29 o 36 0 100"
'ﬁtzAlnpré | L o, RT 24 oﬁ o35 L5 85 - 10 0 100
3 | 0 % 6. 8 1L 0 100
1 Benzene RT 24 o a1 16 84 1m0 100
3 | - 0 31 15 85 11 o 100

- £97



Table 51 (Continued)'

ADDITION PRODUCTS (%)

REDUCTION PRODUCTS (%)

_ ~_REAGENT : TEMP .TIME RECOVERED - . .
REAGENT — ENONE _ SOLVENT _ (°¢) (hr) 'EWONE (%) TOTAL®  1,4P 1,2 rorar® 1,40 1,2°
EtéA10—§i> 1 THF RT 24 0 30 13 87 77 0 100
3 | o 29 13 87 7 o0 100..
| Benzeme RT 2 0 25 14 " 86 '8 0 100"
3 - | 0 25 15 . 85 7 0 100 .

2)  Normalized as % addition products + reduction products = 100Z. .
b) Normalized as % 1,4-product + % 1,2-product = 100%.

¢) - Normalized as % total products + % enone = 100%.

%92



Table 52. Reactions of PhhAlX3_n Compounds With Enone (II).

. . " ‘REAGENT - TEMP TIME  RECOVERED ADDITION PRODUCTS (%)b
REAGENT  "ENONE __ SOLVENT  (°c) = (hr) ~'ENONE (%)~~~ TOTAL "~~~ 'L,& = " 1,2
PhyAl - | 1 THF RT 24 0 80 60 40

3 0 79 60 40
1 - 45 8 0 79 6L 39
3 ‘ 0 80 61 39
1 Benzene " RT 24 S ¢ 80 60 : 40_.
3. . | 0 81 59 41
1 45 8 0 79 59 -4l
3 o S 0  78 59 41
Ph,A1C1 . THF R 24 0 78 64 36
3 | | | o 78 65 35
1 " Benzene RT 2% 0 77 65 35
3 | o 0 75 65 35

&9



Table 52 (Continued)

.. "REAGENT o omP  TMME  RECOVERED  ADDITION PRODUCTS (1)
_ REAGENT "ENONE ____ SOLVENT (c) _ ~(hr) © ENONE (%)3 ~ TOTAL 1,4 1,2
PhAlBr 1 - THF RT 26 0 | 75 88 12 :
| 3 - | ; o 75 89 11
1 ‘Benzene ~RT 24' : 0 74 89 11
3 - o 7 90 10.
Ph,ALT 1 THF . RT 2% o 64 100 0
| 3 | : 0 66 100 0
1‘ ~ Benzene RT 24 o 66 - 100 0
3 | | 0 65 100 0
PhALT, 1 THF RT 2 o0 45 100 0
3 : - 0 4 100 o
1 Benzene RT 24 0 40 100 0
3 | . : o 39 100 0

99z -



¢ ) Table 52 (Continued)

‘REAGENT S | TEMP TIME  RECOVERED ~ ADDITION PRODUCTS _(7.)b

REAGENT “ENONE _ SOLVENT Cc) (hr) ENONE (%)@  TOTAL 1,4 1,2
 PhyAlNpr 1 T rr 24 02 74 26
3 . - o e 5 714 26

1 ‘Benzene  RT 24 65 27 5. 28

3 - - 66 - 26 74 26

PhoAlOCH, 1 THF RT 24 70 | 25 75 25
3 | 72 26 74 26

1 Benzene RT 24 65 ' 25 75 - 25

3 ' | 65 25 7525

Ph,A10Bu" 1 THF RT 2% 75 22 76 24

| 3 | | - 73 22 76 - 24
I Benzeme RT 2% 75 22 76 24

3 - | 75 22 76 24

(314



Table 52 (Continued)

REAGENT - TRP ~ TIME  RECOVERED = ADDITION PRODUCTS (%)°
__REAGENT TENONE SOLVENT °c) (hr)  ENONE (%)2  TOTAL 1,4 1,2
thAl(O—b ) 1 ™F  RT 2 90 11 81 19
3 | | - | 90 11 81 19
1 Benzene R 2 .89 10 80 20
3 | 90 11 80

a) Yield determined by glc and based on an internal sténdard.

b) Nbrmalized as % 1,4~-product + % 1,2-product = 100%.

20

897



Table 53. Reactions of MenAlxa_n Campounds With 4-t-Butylcyclohexanone, Ketene (I).

- S R  ADDITION PRODUCES (%)P
. 'REAGENT - TEMP . TIME . RECOVERED <o AXTAL-  EQUATORIAL
_REAGENT ~ KETONE  ~ SOLVENT  (%cy ~ (tw) = = KETONE " (%)°  "TOTAL "~ AL.COHOL  "ALCOHOL _

Me AL 1 T . RT - 24 50 s 8 15
3 ‘- - 50 48 86 14
1 | 45 . 8 . 45 45 85 1s
3 ‘) . 40 . 50 83 17
1 - Benzene RT .24]”»;v © 50 | 45 : 76 ‘24
3 | o r E S 97 o Y

1 o 45 ;g; g 33 o se o750 25

3 o o 95 9 91

Me AICL | . THF RT 24 80 17 85 15
3 o | L 80 18 83 17
1 Benzene - RT - 24 70 26 . 57 43

3 . | L 17 79 10 90

692



Table 53 (Continued)

o o . - ADDITION PRODUCTS (%)P.
REAGENT - - TEMP TIME  RECOVERED. - AYIAL = EQUATORIAL

RUAGENT __KFTONE sovent  (°¢) (hw) _ KETONE (%)® TOTAL °  ALCOHOL  ALCOHOL

MeAlBr - 1 THF RT 24 83 15 80 20
3 | - 83 16 80 20
1 Benzene - RT 24 80 - 12 40 60
3 | o 25 66 8 92

Me,All 1 THF RT - 246 . . 93 . 7 .79 21
3 o 90 7 19 .ol
1 Benzene RT 2 87 6 20 80
3 o 4 53 1 . 9

MeAlT, 1  TW RT 2% 9 1 80 20
3 - : 97 1 80 .20
1 Benzene RT 24 91 4 18 72
3 50 46 6 %

04z



Table 53 (Continued)

- | ADDITION PRODUCTS (%)P
TEMP  TIME RECOVERED " AXTAL - EQUATORIAL

REAGENT -
_REAGENT  ° KETONE soLvent (°c) (he) KETONE (%)% TOTAL . ALCOHOL ALCOHOL
| Mealwpry 1 THF RT 2% 60 20 85 15
3 x 55 20 85 15
1 Benzene RT 24 55 1 100 0
3 | 47 1 100 0
Me ,A10CH, 1 THF RT 24 80 5 85 15
3 | | 70 10 86 14
1 Benzene RT 24 75 5 ‘86 14
3 | 68 11 85 . 15
Me,AlOB.® 1 THE RT - 24 6l 5 80 . 20
3 ' 59 5 80 20
1 | Benzene RT 24 60 - -5 85 15
3 - | 58 8 86 14

1L2



Table 53 (Continued)

' ADDITION PRODUCTS (%)P

'REAGENT | .~ TRfP  TIME  RECOVERED a AXTIAL  EQUATORIAL
_REAGENT___° KETONE ___ ‘sorvenr . (°c) (hr) _KETONE " (%)~ TOTAL ALCOHOL __ ALCOHOL
MeZAlo-b 1 T RT 26 5. 1 /100 0
- 3 3 , | 50 L 100 0
1 Benzene ~ RT 2 50 4 100 0:
3 40 e 0 o
Me Al(O_@ ) ! | THF RT 24 7 1 100 0
- 3 \ | 2 100 0
1 . Benzene ' RT 24. o . 5 . 1 | 100 “ 0

a) Yield was determined by glc and based on an internal standard.

b) Normalized as Z axial alcohol + % equatorial alcohol = lOOZ;

TLT
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Table 54, Reactions of Me Al With Ketone (I) in the Presence of

Coordinating Agents at Room.Temperature for 24 Hours
'in a 1¢1:1 Ratio.

COORDINAT ING -~ - - -RECOVERED , ~ METHYLATION. PRODUCTS (Z)b

AGENT ~~°°° " "SOLVENT ' KETONE (%) ' 'TOTAL AXJAL’ EQUATORIAL

Ph,P - Benzene 70 3 75 : 25

'3
- THF 75 5 85 15
' E-Bu3P ‘ Benzene 70 g 5 75 25
THF ‘ 70 - . 5 75 25
BEMPA Benzene 60 5 75 25
DME Benzene - 55 4 75 25

a) Yield was determined by glc and based on an internal standard.

b) Normalized as 7% axial alcohol + % equatorial alcohol = 100%.



Table 55. Reactions of EtnAlXS-n Compounds With 4-t-Butylcyclohexanone, Ketone (I).

ADDITION PRODUCTS (%) . REDUCTION PRODUCTS (%)

" 'REAGENT .. TEMP TIME RECOVERFD . .. . . AXTAL =~ EQUATORIAL AXTAL EQUATORIAL

REAGENT KETONE SOLVENT = (°C) (hr) KETONE (%)® TOTAL? ‘ArcoMoLD AncomoLb  ToTAL2 ArncoHOPR - -ALcoHOLD

Et Al 1 THF RT 24 35 65 88 12 35 22 78
3 o o 0 80 88 12 20 22 78
1 Benzene  RT 24 46 64 79 21 36 19 81
3 - o 12 8 92 28 29 M
Et,A1C1 1 Benzene RT 24 31 31 65 35 69 20 80
3 ., - 6 4l 21 73 59 26 74
EtzAlBy -1 Benzene RT 24 30 29 70 30 _ 71 20_ 80’
| 3 o 6 40 20 80 60 25 75
Et Al 1 Benzene  RT 24 30 27 75 25 73 20 80
3 . s 43 15 85 57 35 65
EtALT, 1 Benzene RT 24 60 25 80 20 75 17 83
3 49 9 35 65 - 91 32 68

a) Normalized as % alkylation alcohols + % reduction alcohols = 100Z.
b) Normalized as % axial alcohol + % equatorial alcohol = 100%,

c) . Normalized as % total alcohol + % ketone = 100%. .

viz



Table 56. Reactions'of-PhnAJ.Xa_n Compounds With 4-t-Butylcyclohexanone, Ketone (I).

" 'REAGENT

ADDITION PRODUCTS (%)P

| TEMP . TIME  RECOVERED AXIAL  EQUATORIAL

" 'REAGENT KEIONE " SOLVENT - Coy (hr) * 'KETONE (%) 'TOTAL = - ALCOHOL = ALCOHOL
‘Ph,Al 1 Benzene RT 24 45 50 51 49
3 0 95 8 92

Ph,A1C1 1 50 43 40 60. -
3 5 90 5 95
Ph,ALBr 1 55 40 45 55
3 15 80 6 94

Ph,ALT 1 65 30 30 70-
3 25 65 5 95

PRALT, 1 80 15 25 75

3 40 50 5

~a) Yield'was determined by glc and based on an internal standard.

b) Normalized as % axial alcohol + % equatorial alcohol = 100%.

‘ 95

LY XA
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