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Summary

Bis(dialkylamino)alanes react with alkynes in the presence of a catalytic
amount of Cp,T1Cl, 1n benzene solvent to produce hydroalumination products
m high yield Two terminal and five mternal alkynes weie studied and the addi-
tion was found to take place in a cts manner The reaction 1s stereospecific and
provides a convenient and economical route to alkenylaluminum compounds

Intioduction

Considerable interest in recent years has been duected toward the develop-
ment of carbometallation and hydrometallation reactions involving alkenes and
alkynes. The reasons for this interest ¢ : clear, first, alkenes and alkynes are
very fundamental and economic building blocks and, second:y, carbometalla-
tion and hydrometallation provide routes to form carbon—metal bonds which
can then be easily functionalized (eqs 1 and 2) to form numerous classes of

compounds.
Carbometallation reactions have evolved significantly i just the last few
years due to the efforts of numerous workers, however, o
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* For part I see ref 8
** Dedicated to Professor H Normant on the occasion of his 72nd birthday on June 25th 1979
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hy diometallation 1eactions have been much less developed The work of Brown
[1] n the development of hydiobhoiation as a synthetic tool 1n o1ganic chemis-
try stands alone in teims of the degiee of dcvelopment of the method and in
terms ol its utility IHowever. the poduct of hydiohotation {R3B) contains a
C—B bond which 1s relatnely unieactne compared to C—>NMg or C—Al bonds In
addition, diborane 1s quite expensive thus providing sufficient impetus to
develop other hydiometallation reactions. particulaily those that can form
more active C—DM bonds and whose metal hydnde 1eagent 1s not expensive

The fist 1eports of the addition of Al—H bonds to alkynes was by Wilke [2]
It was shown that both substitution (eq 3) and addition (eq 1) can take place

RyAIH + R'C=CH ———= R C==CAIR, -+ Ha ‘3)
2 o R R

RyAtH  + R C=CR" ————= + \,zz( (4)
2 % "
h AlR, AIR2 =

depending on the exact conditions of the 1eactions Further development in
this area conceilned the mechanism and regiloselectivity of the hydroalumina-
tion of alkynes and was due to the excellent work of Eisch and cowoikers [3]
Tnese workers, 1n a series of studies, were able to provide considerable under-
standing of the detailed nature of hydioalumination with respect to the nature
of the R,AIH compound, the alkyne, solvent, temperatule, etc

Although hydroalummation of alkynes by R.AlH compounds 1s a reason-
ably convenient and effective 1eaction, nevertheless, a serious shortcoming
exists in the use of vinylalanes (R, AlC=CZ]) in organic synthesis Because
dialkyl- or diaryl-vinylalanes are the products of this reaction, an ambiguous
product 1s formed when the reaction 1s allowed to take place with an organic
substrate since both the saturated R group and the vinyl of the vinylalane can
react.

More recently, Schwartz and coworkers have developed a hydrometallation
reaction mvolving the addition of Cp,Zn(H)Cl to alkenes and alkynes [4] The
reaction proceeds well with terminal alkenes using stoichiometric amounts of
the hydride. In addition, Sato and coworkers [ 5] have effected the reduction
of alkenes snd alkynes with L1AlH, 1n the presence of transition metal halides
Although one might assume that hydrometallation products are produced as
intermediates, deuterolysis of the reaction mixture shows that only TiCl, and
T1Cl; catalysts produce a deuterium incorporated prodact.

Sometime ago we reported the direct synthesis of dialkylamimoalanes by the
reaction of aluminum, hydrogen and secondary amines [6] (eq 5) The bis-

Benzene
140°C 2000 psi HAYNR,), + 3 H, (5)
(dialkylamino)alanes are produced in nearly quantitative yield and in a high
state of purity. The benzene solutions are filtered from excess aluminum and
the resulting solutions are used directly 1n reactions with alkenes and alkynes
We communicated earlier [7] that bis(dialkylamino)alanes add to olefins and

Al + H, + 2 R.NH
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athvnes in the presence of catalytic amounts of Cp,TiCl; in benzene solution 1n

H
CpaTiCla

HAI(NR.); + RC=CH, — — — RCH.CH,AIl(NR.), (6)

high yield Bis(dialkylamino)alanes are 1easonably inexpensive hydrides com-
pared to diborane and the resulting C—Al compounds should be mo1e reactive
than the corresponding C—B compounds produced 1n hydroboration We have
reported recently the details of HAI(NR.,), hydroalumination of alkenes [8]
and now we wish to repoit our latest results in hydroalumination of alkynes to
form alkenylalanes

Expenmental

Apparatus
All reactions were performed unde: nitiogen o argon at the bench using

Schlenk tube techniques or in a glove box equipped with a recirculating system
to remove oxygen and solvent vapors [9] Calibirated syiinges equipped with
staimnless steel needles wetre used to transfer reagents All glassware and syringes
were heated i an oven and cooled under a flow of nitrogen or argon All inc:-
ganic and orgamc compounds including internal standards for GLC were pre-
pared by welghing the reagent in a tared volumetric flask and diluting with the
appropiiate solvent.

All melting points are coriected and all boiling points are uncorrected Pro-
ton NMR were obtained using a Varian 60 MHz model A60 and T60 or a JEOL
100 MHz Fourier Transform spectrometer Model PFT-100 All Chemical smft
values are expressed 1n ppm (8 values) relative to Me,S1 as the internal standard
All mass spectra were obtained using a Hitach1 RMU-7 or Varian Model M-66
mass spectrometer GLPC analyses were obtained using an ¥ and M Model 700
or 720 gas chromatogiaph IR spectra were obtained using a Perkin—Elmer
Model 621 or 256 IR spectrometer High pressure reactions were carried out
using an autoclave rated to 15000 pst obtamned from the Superpressure Division
of American Instrument Co of Silver Springs, Maryland

Analytical
Gas analyses were carried out by hydrolyzing samples with 0 1 M HClon a

standard vacuum line equipped with a Toepler pump [10]. Alummmum was
determined by adding excess standard EDTA solution to hydrolyzed samples
and then back titrating with standard zmc acetate solution at pH 4 using
dithizone as an indicator Amines were analyzed by injeciing hydrolyzed sam-
ples with an intermal standard on the gas chromatograph Carbon, hydrogen
analyses were carried out by Atlantic Microlab, Inc , Atlanta, Georgia
Analysis of all products, anising from the gquenching oz reactions of hydndes
with alkynes, with H,O, D,0, I, and CO, were identified by GLC and/or NMR
Some products were 1solated by preparative GLC and compared to authentic
samples obtained commercially or synthesized by known methods All NMR
spectra were obtained in CDCl, or benzene-d¢ using Me,S1 as the internal stan-

dard
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Materials
Soltents TI'isher reagent grade bencene and hevane wete stnted over concen-

trated H,SO,, washed w.th Na,COs. then distilled water dned over anhydious
MgSO, and then distilied fiom Na Al under mtiogen The catalyst Cp-T1Cl,
was obtamed fiom Alfa Inoiganics

Alkynes 1-Hexyne (b p 70—71°C). 2-hexyne (b p 83—847C), t-octyne
(b p. 132—133°C), 1-phenyl-1-propine (b p 185—186°C) diphenylethyne (b p
170°C at 19 mmHg) and 1-octyne (b p 124—125 C) were obtained frem Chem
1cal Samples Company or Aldrich Chemical Co and distilled and stored over
4 molecular sieves

I-Trumethylsilvi-1-octane Into a 250 ml three-neched. 1ound bottomed flask
fitted with a teflon-coated magnetic stirning bai, 1ubbel serum cap and a pies-
swe-equalizing addition funnel was placed 14 8 ml (160 g 100 mmol) of
1l-octyne 1n 80 ml of freshly distilled hexane The stitied mixture was cooled
with an ice water bath and 50 ml of 2 03 .M n-buty llithium 1n hexane added
slowly. The reaction mixture was allowed to warm to 1oom temperature and
stnred for an additional 3 h The resulting w hite slurry was cooled agam using
an 1ce water bath and 13 ml (11.1 g, 112 mmol) of tiumethylchlorosilane (dis-
tilled from quinoline) was added slowly over a petiod of 0 5 h The mixture
was allowed to warm to room temperatule. and 50 ml of water added slowly
The hexane layer was sepatated and washed twice with water, dued over anhy-
drous Na,SO,4 and the solvent was removed under vacuum The crude product
was distilled and gave 15 1 g (0.083 mol, 83% y1eld) of 1-trimethylsilyl-1-
octyne, b p. 45—59°C at 1 0—1 2 mmHg. The TR, NMR and mass spectium
agreed with that reported earher [11] Anal Found C, 72 23,H.1213
C,:H,,S1 caled.. C, 72.44; H, 12.16%.

General reactions of alkynes with HAI(N-1-Pr, )

A 10 X 18 mm test tube with a Teflon-coated magnetic stu1ing bar was
flamed and cooled under a flow of argon or nitrogen A satuirated solution of
Cp,T1Cl; in benzene (0.02 M) was prepared (the solutions had to be made fresh
each day). One or two ml of benzene was introduced into the 1eaction vessel
and then the alkyne was added The mixture was stirred for 2 to 3 mmnutes
before the reagent was added Then the reaction mixture was stirred at room
temperature or at a higher temperature, depending upon the reactant, for up to
40 h1n some cases In general, the reactions involving inteinal 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 diethyl ether or hexane and drying over
MgS0,). Most products were separated by GLC using a 6 ft. 10% Apiezon
L 60—80 column with a helium flow rate of 45 ml/min 2-hexyne, 1-octyne
and 1-hexyne (70°C, flow rate 45 ml/min), 1-tmmethylsilyl-1-octyne (100°C,
flow rate 45 ml/min); 1-phenylpropyne (125°C, fiow rate 60 ml/min) The
yield was calculated by using a suutable hydrocarbon internal standard for each
case (n-C;,H,¢, n-C, ;H, or n-C;H;.) and the products were 1dentified by com-
paring the retention times of authentic samples with the products under similar
conditions and/or by coinjection of products and authentic samples obtained
commercially or synthesized by known methods
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Yields of cis-stilbene (6 6 60 vinyl H), traas-stilbene {5 6 10, vinyl H) and
1 2-diphenylethane (§ 2 92 bensy 1 H) were determined by NMR mntegration
and based on total pheny! protons Howevel, the 1atio of cis-stilbene to trans-
stilbene was also checked by TLC

General quenching technigues

Quenching with H,O After the desired 1eaction time for the catalytic hydro-
metallation 1eaction described above, the 1eaction was quenched with water or
a satwated solution of ammonium chlolide to produce the protonated species
The amount of 1ecovelred starting matenal and products were determined by
the methods described above

Quenching with D.O The same procedure used for quenching with H,O was
followed The amount of recovered starting material and products were deter-
mined by GLC methods and conditions described above Each product was col-
lected fiom the gas chromatograph and submitted for mass spectial analysis.
The corrected percent of deuterium mncorporation for the product was calcu-
lated by comparmg the mass spectrum of tne protonated species with the mass
spectrum of the deuterated species and by subtracting the contributions of
naturally occuring 1sotopic components fiom each molecular 1on peak This
procedure was followed for all unsaturated substrates observed under these
reaction conditions

The regioselectivity of reactions was monitored by the use of NMR for
1-phenyl-1-propyne and 1-trimethylsilyl-1-octyne For 1-phenyl-1-propyne,
95% of the product, cis-1-phenylpropene, was deuterated with 80% of the
deuterium located on the number 1 caibon as indicated by a quartet of triplets
at D T8 ppm,J 7 Hz (1 H) and adoublet at 1 89 ppm, J 7 Hz (3 H) The other
1somer showed a singlet at 1 89 ppm and a multiplet at 6 36—6 54 ppm It was
identified as trans-1-phenyl-1-propene

The products from the reduction of 1-trimethylsilyl-1-octyne were prepared
independently cis-Trimethylsilyl-1-octene was prepared by the hydrogenation
of 1strimethylsilyl-1-octyne with 5% Pd/C in 95% ethanol and monitored until
the desired amount of hydiogen was absorbed The cis-1somer was collected
and purified via GLC under the aforementioned conditions The trans-isomer
was also detected by GLC The cis-isomer when comjected under GLC condi-
tions with the product of the hydroalumination reaction, showed a trace char-
acteristic of only the cis-isomer The trans-isomer obtained from the hydro-
genation reaction had an 1dentical retention time as the minor product from
the hydroalumination reaction

The following data were obtamned for cis-1-trimethylsilyl-1-octene- IR(neat,
film) 2960s, 2940s, 2860m, 1600m, 1470m, 1260s, 850s(br), NMR (CCl,,
TMS) 9 H singlet at 0 14 ppm, 11 H multiplet at 0.74—2 66 ppm, 2 H quartet
at 2 15 ppm, J 8 Hz, 1 H doublet at 5 49 ppm, J 13 0 Hz, 1 H doublet of tnp-
lets at 6 33 ppm, J 14 Hz and 7 Hz; mass spectrum, m/e (rel mtensity) 184
(M™,2) 170(13), 169(70), 141(4), 125(4), 114(23), 109(13), 99(26), 73(100),
67(9), 59(91), 44(21), 41(14).

Anal Found C,7154,H,13 14. C,;H,S1 caled C, 71 65,H, 13 12%

The NMR spectrum of the trans-isomer matched the spectrum reported 1n
the hiterature [12]- NMR (CCl,, TMS) 9 H singlet at 0 16 ppm, 11 H multiplet
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at 0 9—1 6 ppm, 2 II multiplet at 2 1 ppm. 1 H doublet at 53 6 ppm J =18 H,
1 H doublet of tuiplets at 6 O ppm, J = 18 1, and 6 1z

Wher 1-tiimethylsilyl-1-octync was allowed to react under the cataly zed ny -
diometallation conditions described above, 877+ ol the product, cis-1-trimethyl-
silyl-1-octyne, was deuterated and appiroximately 907 of the deuterium was
located on cartbon number 2, as indicated by the followmg NMR (CDCl,4
TMS) 9 H singlet at 0 14 ppm, 11 H muliplet at 0 80—1 56 ppm, 2 11 broad
singlet at 2 14 ppm, 1 H singlet at 5.49 ppm The other 1somer (éfrans-1-thimeth-
ylisilyl-1-octene) had no deuterium mcorporation but showed a lLriplet at 6 33
ppm which corresponded to the expected sphittimg pattern of the non-deuter-
ated trans-tsomer

Quenchung with I, A known concentration of iodine in bernzene was pre-
pared and a stoichiometric amount was added to the catalvtic hydioalumina-
tion reaction after the desired time. This misture w as stirred at room tempera-
ture for 1 h. Afterwards, water was added, followed by a satuiated sodium
timosulfate solution. The organic layer was separated and dried over sodium
sulfate and analyzed by GLC or NMR This procedure wa. followed for
2-heayne. The 10doalkenes were 1dentified by NMR n the following way When
the catalytic hydroalumination reactions of internal alkynes wele quenched
with D,O, the products were the cis-alkenes which were confirmed by coinjec-
tion of authentic samples on the gas chromatograph Fiom Zweifel’s [13]
work, 1t 1s known that hydroaluminated compounds quenched with 1odine
maintain their regiochemistry. Therefore, the 10doalkene obtained from the
quenching with I, of the reaction involving 2-hexyne was 2- and 3-10do-cts-2-
hexene. NMR was used to distinguish between the two 1somers

H I I H
Ne=¢” Ne=c”
SN i

R CH, R “CH,

(CHj; singlet at 2 36 ppm) (CH, doublet at 1.63 ppm J 7 Hz)

Anal. Found. C, 34.51; H, 5 25 Calcd. for mixture of CH;,1 C, 34 30, H,
5.28%.

Quenching with carbonyl compounds After the desired catalytic hydroalum:
nation reaction had taken place, a stoichiometric amount of desired carbonyl
compound (acetone and benzaldehyde) was added, followed by additional
stirnng for 10 h while maitaining the desired temperature with an oil bath
The reaction mixtures then were worked up by addition of water. The organic
layer was then separated, dried over MgSO,, filtered and analyzed by NMR
techniques.

One of the products arising from the quenching of the reaction product
involving octyne with acetone 1s the reduction product, 1sopropanol. Isopro-
panol was determined by observation of the methy! group attached to the car-
binol carbon (doublet at 1 2 ppm) Acetone was determined by observation of
the methyl groups attached to the carbonyl carbon (2 05 ppm). 4-Octyne was
identified by the triplet corresponding to the methyl group at 0 98 ppm
4-Octyne also was determined by GLC analysis The addition products were
determined by NMR observation of the methyl groups which appeared as
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simglets at 1 22 ppm and by comparing these spectia with those obtained from
the 1eaction of the corresponding octyl Gnignard reagent with acetone The
mtegrity of the octeny 1 addition compound was establhished by the methyl
simglet at 1 22 ppm and the appearance of a multiplet at 5 5—6 3 ppm

For the products arising from the gquenching of the reaction product from
octyne with benzaldehyde benzaldehyde was determined by the singlet asso-
clated with the aldehydic proton at 9 94 ppm, the reduction product, benzyl
alcohol, was determined by the singlet at 4 58 ppm, and the addition product
fiom 4-octyne was determined by the appearance of the vinyl multiplet at 5 5—
6 3 ppm and also by GLC, mass spectral and IR analyses

When HAI(N-1-P1,), was allowed to react with 4-octyne in the presence of
2 mol % of Cp,T1Cl, and then allowed to 1eact with benzaldehyde, the majol
product was dusopropylbenzylamie The following data were obtained for the
product #% 1.5300, NMR (CDCl,, TMS) 12 H doublet at 1 01 ppm, J 5 Hz,
2 H multiplet at 2 66—3 34 ppm, 2 H singlet at 3 63 ppm, 5 H multiplet at
7 10—7 40 ppm. mass spectium, m/e (rel intensity) 191 (37, 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), 39(3), IR(neat, film) 3090w, 3070w, 3030m, 2970s,
2940m, 2880w, 1605m, 1495m, 1470m, 1455m, 1385s, 1375s, 1210s 1385s,
1375s,1210s, 1180s, 1155m,1140m, 1120m, 1075w, 1050s, 1025s

Anal Found C,8149,H,1100 C;3H,;Ncaled C,8161,H,1107%.

Results and discussion

The reactions of various alkynes with HAI(N-1-Pr,), and 5 mol % Cp,T1Cl, 1n
benzene at room temperatute under an axgon atmosphere were studied and the
results are tabulated in Table 1 In the case of internal alkynes (2-hexyne,
2-octyne, 1-phenyl-1-propyne and diphenylethyne). a small amount (5, 10, 3
and 0%, respectively) of the coiresponding alkane was observed (The alkane
product could be minimized by allowing the reaction to be conducted at 0°C in
80/20 mixture of benzene/THF for 2 h ) However, the major products are cis-
2-hexene (94%), cis-2-octene (90%), cis-1-phenyl-1-propene (96%) and cis-stil-
bene (96%), with only 1—4% of the trans-1somer observed All the products
were confirmed by matching the infrared spectia of identical samples obtamned
by the hydrogenation (Pd/C and hydrogen) of the starting materials or samples
obtained from the Aldiich Chemical Company When the reaction mixtures
were quenched with D,0O, 96—97% of the cis-alkenes formed (Table 1) con-
tained deuterium according to mass spectral analysis When the reaction with
2-hexyne was quenched with 10dine, the NMR spectrum showed a 53/47 ratio
of 2-10do-cis-2-hexene to 3-10do-cis-2-hexene This result 1s expected on steric
as well as electronic grounds since there 1s little difference between methyl and
propyl groups sterncally or electronically. Equation 7 can be used to describe

R R R R
_ Copll Ci; \ / I, or \ /
RC==CR = HAl(N—x-Pl‘z)z —_——— /C—_‘——C ——D—o—-— /C———C
2
AL(N-1-Pr), h 1(D)
-
(7
R R R R
c———c/ Ip oF \c:c/
“ U D,0 yd AN

( -ProN),AL H



TABLF 1
REACTIONS O ALKY NES WITH HAKN-1Ery)a IN 1/1 RATIO IN [HF PRESE NCEL OF 5 MOL%
CpaTiCla IN BENZENE ¢

Alhvne Vi orh up Products ¥ Y 1eld
(‘)
1-Octyne ¢ D, 0 Octane-dg + Octane dy + Octane-d3 ~ Octane-d3 5.3
13 22 18 15
1-Octene-dp + 1-Octene-d 16
22 78
1-Hexvne ¢ D2O Hexane-dg + Hevane-dy = Hevane-da < Hexane-d3 19
41 23 19 17
1-’levene-dg — 1-Hexene-d) 51
18 82
2-Octyne D>O Octane-dg i0
civ-2-Gctene-dg + ¢1v-2-Octene-d) 90
3 97
trans-2-Octene Trace
2-Hevivne D20 Hexane 5]
cix-2-Hevene-dg + cis-2-Hevene-y a4
4 96
trans-2-Ifexene 1
H\ /I I H 82
Ia “c=cC + Cc=cC 82
Pr “Ale Pr e
53 47
PhC=CCH3 D»0O 1-Phenylpropane 3
H\ /D a2 H
/C‘-=C\ [ _¢=c 95
Ph e Ph Me
10 90
H \Me
~ e
C=C 1
v H
Hexyl-C=CSi1Me3 < D20 Hexy1-CH2 CH;, SiMes 5
H\C:C/D + D\c=c/H 87
e ~ - ~
Hexy1 SiMe3z  Hexsl SiMes
10 90
PhC=CPh D20 Ph__ _D ()
/C=C\ 4
H Ph
D H
\C=C< 95
Ph Ph

@ All reactions carned out 1n benzene at room temperature for 1 h and quenched with D3 O or a benzene
solution of 1odine ® Yields were determined by GLC and are based on alkyne and/or octane as the inter-
nal standard. The relative ratios of 1somers were determined by NMR using benzhydrol as the internal
standard. ¢ Reaction carried out at 0°C for 8 h < Reaction carmed out at 45°C for 12 h

the rasults of the reactions of HAI(N-1-Pr,), with mternal alkynes 1n benzene.

A separate study was conducted in order to determine the product composi-
tion from 0 to 100% reaction. In this connection, a representative internal
alkyne, 2-hexyne, was allowed to react with HAI(N-1-Pr,), in the presence of
10 mol % Cp,TiCi, in benzene. The results are summanzed 1n Table 2. When
the reaction was carried out at room temperature for 16 h, only 52% deuterium
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TABLE 2
REACTIONS OF 2-HENY NE WITH HAI(N-1 Pra)a AND Cp>TiCl; IN 1 0/1 02/01 MOL RATIOC

Time 2-Hexyne Hy drolysis products trans-2- D incorporation
(h) recovered hexvene in c¢ts product
(%e) Hewane cis-2-hexene (“z) (%o)
(“e) (2)

07 80 7 17 — —

1 75 8 20 — 95

2 65 8 30 trace 96

B 33 8 39 trace 95

8 30 8 62 trace 95
16 17 10 73 2 91
16 ¢ o] 23 47 26 52

@ Reactions were carnied out 1n benzene at 0°C under an argon atmosphere b vield was determined b+
GLC using octane as the internal standard and normalized (%) 2-hexyne + (2) hexane + (%) cis 2-hexene =
100% ¢ The temperature was allowed to increase to room temperature

mcorporation of the product was observed, howeve:, when the reaction was
carried out at 0°C, 91% deuterium incorporation was observed, once again indi-
cating formation of the intermediate cis-2-hexenylaluminum compound in high

vield.
These results indicate the the intermediate alkenyltitanium compound 1s not

stable at room tempetiature under hydrometallation conditions and subse-
quently undergoes decomposition The decomposition produced H,, which in
the presence of catalyst hydrogenates the alkyne to the alkene, which in turn
can be hydrogenated to the alkane This suggestion accounts for the low
deuterium content of the product following work-up procedures A separate
experiment showed that hydrogen 1s indeed produced when HAl(N-1-Pr,), 15
added to Cp,TiCl, at room temperature Hydrogen was also produced when
dusobutyloctenylaluminum in benzene was added to 5 mol % of Cp,T1Cl, The
amount of alkane produced in this reaction was reasonably constant through-
out the reaction at 0°C, indicating that the alkane 1s formed in the mnitial stages
of the reaction by hydrogenation If the alkene or alkane produced at 0°C was
a result of homolytic cleavage of the alkenyl- or alkyl-titanium intermediate
followed by hydrogen atom abstraction from the solvent, one would expect
that the amount of alkane would increase as thie 12dction proceeds However,
this was not the case Therefore, it 1s more likely that the alkyne was hydro-
genated 1n the presence of H, and catalyst at the beginning of the reaction.
Also, a sigmificant amount of trans-olefin was formed when the temperature
was increased from 0 to 25°C, indicating homolytic cleavage of the mtermed:-
ate cis-alkenyltitanium compound with resultant loss of stereochemistry of the
formed radical If the alkyne was added after the catalyst and alane were
allowed to react for a few minutes under a slight vacuum, the amount of alkane
produced decreased to less than 3%, however, the amount of alkene also
decreased to 45% with 94% deuterium mncorporation It would seem from this
result that the actual hydrometallation of the alkyne by the transition metal
hydride (Cp,Ti(H)Cl) is rapid and that the slow step involves transmetallation
of the alkenyltitanium compound and that the alkenes and alkanes formed at
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Scheme 1 Proposed mechamism for the catals tic hvdrometallation of 1-phenyl-1-props ne

0° C are produced by hydrogenation of the alkeny ltitanium compounds

When 1-phenyl-1-propyne was allowed to 1eact under normal hydrometalla-
tion conditions (Table 1), 95% cis-1-phenyl-1-propene, 3% 1-phenylpropane
and 1% trans-1-phenyl-1-propene were produced upon quenching with watex
The cis-alkene produced 1n this manner matches the NMR, IR, mass spectium
and refractive index of cis-1-phenyl-1-propene obtained fiom the catalytic hy-
drogenation of 1-phenyl-1-propyne. When the catalytic hydrometallation 1eac-
tion was quenched with D,0, the product contained 97% deuterium according
to mass spectral analysis The NMR spectrum showed a 10/90 1atio of
2-deuterio-cis-1-phenyl-1-propene to 1-deuterio-cis-1-phenyl-1-propene How-
ever, Eisch [14] reported that quenching the product from the reaction of
dusobutylaluminum hydride and 1-phenyl-1-propyne at 50°C with D,O pro-
duced an 80/20 ratio of the 2-deuterio-cis-1-phenyl-1-propene to 1-deuterio-
cis-1-phenyl-1-propene, indicating that attack occurred at the least hindered
carbon in a ratio of 4 to 1 The reverse regiochemistry observed for the hydro-
metallation reaction products reported herem indicates, according to Scheme 1,
that the formation of the titanocene hydridochloride-alkyne complex A, deter-
mines the regiochemistry of the products Complex A, 1s less hindered than
complex A,, because the cyclopentadienyl and phenyl groups can adopt a
staggered arrangement (B;), however, the cyclopentadienyl and methyl groups
in complex A, cannot do so as readily (B,). In addition, 1t 1s possible that there
is some interaction between unfilled orbitals of titanium and 7 electrons of the
phenyl ring that would help stabilize transition state (B,). For these reasons
complex A, is favored over complex A,.

Following the transition metal hydnide addition step, the transmetallation
step involving HAI(N-i-Pr,), should proceed simply to exchange alummum for
titanium on the same carbon holding the titaniumn and therefore this step



would have no effect on the regioselectivity of the reaction

When a1epresentative texminal alkyne (e g 1l-octyne) was allowed to r1eact
with HA}(N-1-Pr,), 1n the presence of Cp,TiCl, in benzene an approximately
50/50 mixture of alkane/alkene was observed When the reaction mixture was
quenched with D,O the alkene showed a relatively high percentage of
deuterium mncorporation (78%) however, the octane showed deuterium only to
extent of 55% Accoirding to mass spectral analysis of the reaction product,
four octanes [octane-d, (45%), octane-d, (22%), octaned, (18%) and octane-
d3 (15%)] were produced These observations are accounted for by Scheme 2

SCHENME 2

Hexyl-C=CH + HAI(NR,), 2~ Heayl-C=CAI(NR»)> + Ha
(1) an

I+ HAINR.). 2% Hexyl-CH=C[AI(NR.) -
(I11)

I + HAI(NR,), = Hexyl-CH.C[AKNR:).15
(iv)
I +2HhH, 2% Hexyl-CH,CH
2 Z‘z')‘,;j)’ exyl- 2 3
(1)cat
(2)D>0
(1)cat

III + H'_r (—._T;D—‘r_0> Hexyl'CHchDz

I +2H, Hexyl-CH,CH,D

IV + D,0O — Hexyl-CH,CD;

II + D,O - Hexyl-C=CD

Tne deuterrum mcorporation exhibited in the octane products indicates that
metallation or deprotonation of the acetylenic hydrogen occuis with subse-
quent addition of H—AI across the multiple bond [14] Since hydrogen 1s
present due to catalyst decomposition, hydrogenation reactions are possible,
thereby accounting for the formation of alkanes Lowering or r1aising the reac-
tion temperature, incieasing the reagent/alkyne ratio or increasing the amount
of catalyst had little effect on the product ratios

In order to circumvent the problem of producing a wide variety of products
from terminal alkynes as in the above example, 1-trimethylsilyl-1-octyne was
prepared (eq 6 and 7) When this alkyne was allowed to react under the usual

CH,(CH,)sC=CH + n-BuL1 2% CH,(CH,);C=CL1 + Butanet (6)
CH;5(CH,)sC=CL1 + CISiMe; ~==2%% CH,(CH,)sC=CS1Me; + LiClL: (7)

catalytic hydrometallation conditions, only 5% of the totally saturated com-
pound (octane-d,) and the trans-alkene were produced with the cis-alkene being
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the predominant product (87%). The cis-alkene product on hydiolysis pro-
duced a product whose NMR, IR and mass spect:um matched those obtained
for the product from the Pd/C hydrogenation of 1-tiimethylsilyl-1-octyne
When the hydrometallation reaction product was quenched with D,O 80% of
the product contained deuterium according to mass spectial analysis NMR
analysis of the products showed that approximately 907 (Table 1) of the
deuterated compound was the cis-1-tiimethylsilyl-2-deuterio-1-octene This
result 1s somew hat surprising in that one would expect. on the basis of previous
studies [14], that the aluminum would be adjacent to the mote electronegative
silicon atom However, as discussed earlier in Scheme 1, the regiochemistry of
the product 1s determmed by formation of the intexmediate alkyny ltitanium
compound. The bulky trimethylsilyl group hinders the approach of the titanium
catalyst and therefore 90% of the newly fornied titanium compound has the
titanium loecated in the 2-position Interestingly, a stmilar result was obtained
when HAI(NEt,), was used as the reagent

Cleairly, the reaction of HAI(NR,), compounds (which are economically
attractive hydrometallation reagents) with alkynes in the presence of a catalytic
amount of Cp,TiCl, n benzene produces alkenylalanes mn high yield and pie-
dictable stereochemistry. Because of the importance of alkenylalanes as syn-
thetic mntermediates, this reaction should be of potential interest to synthetic
organic chemists.
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