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Abstract: The transient organoindium intermediates formed in the reaction of propargyl bromide with indium
in aqueous media and tetrahydrofuran were investigated by NMR spectroscopy and found to be
allenylindium(l) and allenylindium(lll) dibromide. The influence of solvent and methyl substitution on the
propargyl-allenylindium system was also studied. The experimental observations were supported by
theoretical calculations using the B3LYP/6-311+G* method.

Introduction Despite the extensive interest, relatively little was known
dabout the nature of the reactive organoindium intermediates in
either water or organic solvents. In 1988, it was reported that
allyl iodide reacted with indium in organic solvents to give the
allylindium sesquiiodide 4, X = 1).10 The structure ofl
appeared to have been assigned solely on the ba%isNMR
spectrum (DMF-g) which showed two sets of allylic methylene
signals aty 1.75 (d,J = 8 Hz) and 2.02 (dJ = 8 Hz). Many
investigators had subsequently used the sesquihalide structure
to describe the allylindium intermediate in the indium-mediated
allylation reactions in organic solveritsin 1999, we showed
that indium reacted with allyl bromide in water to give

In recent years, indium has emerged to become a useful an
intriguing metal for organic syntheslsin addition to the
conventional organometallic reactions in organic solvents, many
indium-mediated reactions can also be carried out in aqueous
media? In particular, the reactions of carbonyl compounds with
allyl® or propargyt halides and indium in water have been
extensively examined because they provide an efficient method:;
of carbon-carbon bond formation, often with good regfo-,
diastered® and enantioselectivity The reaction is particularly
useful in the synthesis of carbohydrates since much of the
protectlon—deprotect_lon ghemlstry commqnly required for allylindium(l) (2) which was the reactive intermediate in the
carbohydrate chemistry is not necessaryinally, because .

. . S . . allylation of carbonyl compounds (Scheme!4d)we further
organic solvents can be avoided, the indium-mediated reactions

in water have the potential as environmentally benign procésses showed that when allyl bromide and indium were reacted in
"DMF, the compounds formed could not halvéX = Br) as the

t Department of Chemistry, McGill University. structure. The two sets of allylic signqlsé;ll.? and 2.15 ppm
* Department of Chemistry, Hong Kong University of Science and were due to the formation of two allylindium compounds, one

Technology. ; indi ; ; ;
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() or indium(lll) species were formed in the reaction of
propargyl bromide 4) with indium (Scheme 2), the relative
equilibrium between the propargyl structurés6}j and the
allenyl structuresi,8), the role of substituent in affecting the
propargyl-allenyl equilibrium, their subsequent regioselective
reactions with carbonyl compouné%? and finally the role of

ambient temperature, NMR spectroscopy showed that the
reaction indeed finished in 5 min to afford the homo-propargyl
alcohol productlOa (R = 4-CICsH,4™) in high yield. To slow

the process, the reaction of propargyl bromdidewith indium

was carried out in a fD/THF-d8 (1:4) media at 5°C in air.
This time we were able to observe, in thé& NMR spectra, the

organic solvent versus water on the nature of the reaction. Thisemergence of one triplet at 4.90 ppdh <€ 6.9 Hz) and one
investigation set out to find answers to some of these questions.doublet at 4.04 ppmJ(= 6.9 Hz) (Figure 1a) after 3 min along

Results and Discussions

Propargyl Bromide. Our initial effort focused on the reaction
of propargyl bromideta (R? = R® = R* = H) with indium in
D,0O at room temperature in air without an inert atmosphere.
By following the proton NMR spectra, the reaction was found
to be very fast. All the startinga disappeared within several

with peaks that were assigned to propyne and altéméich
should be the hydrolysis products of the propargyl and allenyl
organoindium intermediates—8a. Adding 4-chlorobenzalde-
hyde to the reaction mixture at this stage resulted in the homo-
propargyl alcohotlOa (R = 4-CIGHs, RR = R¥=R*=H)

but not the allenic produc®a. We deduced therefore that in
aqueous media, an organoindium intermediate was produced,

minutes and no intermediate could be observed. Lowering theand based on its proton chemical shift and coupling pattern,

reaction temperature to 8 did not appear to slow the rate

the structure was likely either allenylindium(@a or allenylin-

much. However, organoindium intermediate was presumed to dium(lll) dibromide 8a (Scheme 2).

have been formed, because when the same reactiéa with
indium was carried out with 4-chlorobenzaldehyde isODat

66, 1867. (f) Yoo, B. W.; Lee, S. J.; Choi, K. H.; Keum, S. R.; Ko, J. J.;
Choi, K. I.; Kim, J. H.Tetrahedron Lett2001, 42, 7287. (g) Mitzel, T.
M.; Palomo, C.; Jendza, KI. Org. Chem?2002 67, 136. (h) Miao, W.;
Chan, T. H.Synthesis2003 785.

(15) Lin, M.-J.; Loh, T.-P.J. Am. Chem. So2003 125 13042.

Next, we followed the reaction of propargyl bromidiawith
indium in deuterated tetrahydrofuran alone, also in air. The
reaction became quite sluggish in comparison with that in
aqueous media. After 7.5 h there were still more than 50% of

(16) Whipple, E. B.; Goldstein, J. H.; Stewart, W. E.Am. Chem. S0d 959
81, 4761.
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the starting bromidela left. Nevertheless, two sets of peaks
had clearly appeared in tH&l NMR spectrum, together with
other peaks that resulted from allene and propr@ne set of
these peaks appeared at 5.03 pprd €,6.8 Hz) and 4.22 ppm
(d,J = 6.8 Hz) and the another set was at 4.91 ppr €,6.8 We have also investigated th8C NMR spectra of the two

Hz) and 4.02 ppm (d) = 6.8 Hz). The intensity ratio of these  organoindium intermediates. In the reactiordafwith indium

two sets of peaks varied with time. The one at higher field in THF-d8 when both7a and 8a were present, the carbon
started to disappear at 20 h later. After 60 h, only propyne and spectrum showed, in addition to peaks assigned to allene,
allene remained in the system. To shorten the reaction time inpropyne andta, two sets of signals at 211.54, 82.06, 64.19 ppm
THF-d8, sonication was used to accelerate the reaéfibdnder and 211.21, 81.47, 62.12 ppm. These signals are consistent with
ultrasonic irradiation, the starting propargyl bromig¢ke could the two allenylindium structurega and8a. The central allenyl

be consumed within 3 h. Again, the above two sets of peaks carbons at 211.54 and 211.21 ppm are similar to those of allene
were observed (Figure 1b), whereas, at 4.5 h, only the set of(208.5 ppm) and allenyllithium (196.4 pp) DEPT experi-
peaks at lower field could be seen (Figure 1c). Because the peaksnents showed that the peaks at 64.19 and 62.12 ppm were from

formed under such reaction conditions according to Scheme 3.
Addition of 4-chlorobenzaldehyde to the system when the peaks
for allenylindium(lll) 8a were maximal gave also the homo-
propargyl alcoholtlOain excellent yield.

appeared at 4.91 and 4.02 ppm in TH&were the same as
that observed in aqueous/THIB- mixture, we concluded that

the CH; group. Finally, the set of 211.54, 82.06, and 64.19 ppm
was assigned to allenylindium(lll) dibromi@s, since this was

the two must have the same structures. The reaction of propargylthe set of'3C signals obtained from sample in Figure 1c when

bromide with indium follows therefore the pattern found for

there was little7a left.

allyl bromide!? Namely, in aqueous media, one reactive At the stage when all the startifa was consumed (Figure
organoindium species was found; whereas in organic solvent, 1) the yields of the organoindium compourfdsand8a were
two reactive organoindium species were formed, one of which getermined to be 26% and 30% respectively by using toluene
was identical to the one formed in agueous media. Since we a5 an internal standard. On the other hand, the yields of the
have showed previously that allyl bromide reacted with indium hydrolysis products, allene and propyne, were low (around
in D20 to give allylindium(l) only, by analogy, we proposed 2 504) at the end of the reaction. The low yields observed for
that the set of peaks at 4.91 and 4.02 ppm has the allenylindium-a|iene and propyne were attributed to the volatile nature of these
() (7a) structure. By inference, the other set of peaks at 5.03 two compounds which could be lost during the reaction. To
and 4.22 ppm was assigned to be allenylindium(lil) dibromide examine the relative reactivity of allenylindium(fja and
8a (Scheme 2). We were able to confirm the indium(ia allenylindium(l1) dibromide8a toward electrophiles, the fol-
structure by the following experiment. Propargyl bromi#®  |owing experiment was carried out. At the stage when Bath
was treated with |nd|um(|) bromide in deuterated THF under and 8a were present in almost equa| amounts (4555 respec-
sonication at room temperature. The reaction indeed occurredtive|y, Figure 2a), small quantity of 4-chlorobenzaldehyde (0.1
and proceeded at a reasonable rate. Only one set of peaks Wagquiv) was added as a THIB solution. After one minute, the
observed this time and it was the same set as the lower field reaction mixture was checked by proton NMR spectroscopy.
one (Figure 1d). Allenylindium(lll) dibromide was therefore  The peaks corresponding to allenylindiumg were reduced

in intensity to about 30% of the initial values (Figure 2b) and

la / Y D20O/TF signals corresponding to the coupling prodd€a could be
’J\,\__/ K _,.M 4a—— observed (not shown). When a second aliquot of 4-chloroben-

— — Ini5°C zaldehyde (0.1 equiv) was then added to the mixture, all
b l ] allenylindium(l) 7a disappeared after one minute and only

| TdF/In allenylindium(Ill) 8a could be observed (Figure 2c). Finally,
r‘v.n.ﬂ M 44— when a further aliquot of 4-chlorobenzaldehyde (0.3 equiv) was
M A\ < MYrs3h added, the peaks @a also disappeared completely after one
Ic 1 minute, and the homo-propargyl alcohbda was the only

L 4 TdF/In product in the system. This experiment therefore demonstrated
_}.M N _ A a W)va.sh clearly that while both7a and 8a could react with aldehyde,

the allenylindium(l)7a was more reactive than allenylindium-
(1) dibromide 8a.

1-Bromo-2-Butyne.We then studied the reaction of 1-bromo-
2-butyne4b (R? = Me, R® = R* = H) with indium in D,O at
ambient temperature. Again, it was not possible to observe the

O\
_ 4 TOF/IBr

5.0 45 40 M)t

Figure 1. H NMR spectra of organoindium species formed. (1a): Reaction
of 4awith In in D.O/THF-d; (1b) reaction of4a with In in THF-d under
sonication at 3 h; (1c) reaction da with In in THF-d under sonication at
4.5 h; (1d) reaction ofta with InBr in THF-d under sonication.

(17) Reich, H. J.; Holladay, J. E.; Walker, T. G.; Thompson, d..I1Am. Chem.
Soc 1999 121, 9769.
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stable to the aqueous environment. Furthermore, these transient
2a 8a h((;lg :4-4';? @ organoindium intermediates have not the allenyl, but the
propargyl structureSb and6b according to the chemical shifts
CIFh-CHO and coupling pattern of thtH NMR spectra.
- l(ﬂ l2g)/Imin The reaction of 1-bromo-2-butynedlf) with indium in
ob 8a In(IID) + 7a In(D) deuterated tetrahydrofuran in air was also examined and found
5 - 25) to be much slower than that of propargyl bromitke After 2
’ d vigorous stirring, the starting bromidéb was still largely
CPR-CHO unreacted. However, when ultrasonic irradiation was applied,
e _._..J'n\'\_ l’tﬂ legilmin the reaction was again accelerated. At 3.6 h, two new sets of
2o peaks at 1.67 (t, 3Hl = 2.7 Hz) 1.40 (g, 2HJ = 2.7 Hz) ppm
j\M &a In(11]) and 1.70 (br s, 3H), 1.69 (br s, 2H) ppm were noticed besides
other peaks that could be attributed to 2-butyne and 1,2-
_ ~ — CIPh-CHO butadiene, hydrolysis products of the propargyl and allenylin-
24 (@ 3eg)ylmin dium intermediate$?> We confirmed the propargylindium

structures in THFE8 with 13C NMR spectroscopy which showed

two sets of signals at 80.8, 71.9, 4.20, 3.93 ppm and 78.6, 74.0,
T 1 f T 6.22, 3.79 ppm. Subsequent DEPT experiments showed that the
505 500 4.55 4.0 carbon signals at 4.20 and 6.22 ppm were fromy@Hid those

Figure 2. H NMR spectra of organoindium speciéaand8aon reactions
with 4-chlorobenzaldehyde. (2a): Before addition of 4-chlorobenzaldehyde; at 3.93 and 3.79 ppm were from methyl carbons. All these data

(2b): 1 min after addition of 0.1 equiv of 4-chlorobenzaldehyde; (2c) Pointed to propargyl structures. When the re.aCtion proceeded
Addition of another 0.1 eq. of 4-chlorobenzaldehyde; (2d) After addition to 28 h, all 1-bromo-2-butynéb was gone and in thtH NMR

of another 0.3 equiv of 4-chlorobenzaldehyde. spectra only the two major peaks at 1.69 and 1.70 ppm were
still left along with some minor peaks resulted from 2-butyne

,M fa A D20/In and 1,2-butadiene. When excess amount of 4-chlorobenzalde-
4b hyde was added to the reaction mixture at this stage, only the

3 *Cf5min
allenic alcoholdb (R = 4-CICsH,~, R? = Me, R® = R* = H)
2h was obtained and no propargylic product was detected. We have
M D20/n also examined the reaction of 1-bromo-2-butydé)(with
I e 4b -3—-——",: ’ indium bromide in deuterated THF under ultrasound irradiation.
Although the reaction was slower than that with indium, it
20 showed nevertheless the signals at 1.69 and 1.70 ppm for the
1H and 78.6, 74.0, 6.22, and 3.79 ppm for t%& NMR spectra,
A D20/n the same as that of the reaction4df with indium at 28 h in
: 4bm THF-d8 under ultrasound. From these experiments, we con-
3d cluded therefore that in organic solvent (THF), 1-bromo-2-
butyne éb) reacted with indium to give the propargylindium(lll)
‘A D20/n dibromide 6b and the propargylindium(Ibb. Compound6b
. db— was generated in THF from the reaction 4§ with indium

3°C/15mi ; . .
15 14 13 12 i bromide. We were quite concerned that the proton chemical

Figure 3. H NMR spectra of organoindium species formed. (3a): Reaction ; indi ; ; ;
of 4b with In in D20 at 3°C for 5 min; (3b) reaction ofib with In in DO shifts of the two . organoindium speqes in THF dlq not
at 3°C for 9 min; (3c) reaction ofib with In in D,0 at 3°C for 12 min: correspond well with those observed in aqueous media. One

(3d) reaction of4b with In in DO at 3°C for 15 min. possibility for the difference is due to the solvent effect. We
] ] ] o examined therefore thiH NMR spectra of the reaction @b
intermediate due to the fast reaction rate. However, in this case, it indium in D,O/THF-d8 (1:1). In this mixed solvent, we

it became possible to follow the reaction withi NMR observed two sets of signals at 1.57 (t, 3H)/1.40 (g, 2H) and
spectroscopy by lowering the reaction temperature 0.8y 1.61 (br d) and 1.69 (br t), intermediate in chemical shifts
5 min, one set of pe_aks appeared at 1.47 pprd {, 2.8 Hz) between those in fD or THFd8 alone. We conclude therefore
and 1.14 ppm (q) = 2.8 Hz) (Figure 3a). As the reaction ¢ in aqueous medi&b was formed first followed by the
proceeded, much to our surprise, another set of peaks at 1'49generation of6b, which was however hydrolyzed to give
ppm (t,J = 2.8 Hz) and 1.16 ppm (d} = 2.8 Hz), showed Up 5 ;vne and 1,2-butadiene under the aqueous conditions to
and was very close to the first set of peaks (Figure 3b). This o5y only5h which was also eventually hydrolyzed. At the
new set of peaks then gradually declined in intensity and g¢,qe \when alb was reacted and using toluene as the internal
disappeared after 15 min (Figure 3, parts ¢ and d). After this gtanqard, it was possible to determine the vyields of the
stage, only the first set of peaks could be seen in the proton organoindium compoundsSb and 6b to be 34% and 40%,
NMR spectra. Quenching the reaction mixture by 4-chloroben-
zaldehyde at the time when the two sets of peaks were of the(18) (a) zhang, L.; Huang, Y.; Huang, Zetrahedron Lett1991, 32, 6579. (b)
same intensity gave allenic alcot@th (R = 4-CICsH,4, R2 = gllo%s;yama, Y.; Watabe, A.; Ito, A.; Kurusu, YChem. Commur200Q

Me, R = R* = H) as the only produc These results suggested  (19) The deuterated tetrahydrofuran contained 8% water; and the existence
that two organoindium species were formed in the aqueous of 2-butyne and 1,2-butadiene as hydrolysis products were confirmed by

. . . comparison of their NMR data with authentic sample and literature data.
media, with the second one being formed slower but also less See Friedel, R. A.; Retcofsky, H. L. Am. Chem. Sod.963 85, 1300.
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respectively. Similar to the results of propargyl bromigke peaks at lower field could be observed. This was the set of
the yields observed for the hydrolysis products, 2-butyne and signals generated when 3-bromo-1-butyfe (vas reacted with
1,2-butadiene, were only around 5% at the end of the reaction,indium bromide in deuterated THF under ultrasound irradiation,

presumably due to the volatility of these compounds. thus confirming its allenylindium(ll1)8c structure. The other
The relative reactivity o6b and 6b toward aldehyde was ~ Set of peaks at higher field ifH NMR spectra was assigned
also tested in the same manner as that7mmand 8a. At the therefore to have the allenylindium(f structure.

stage when both the indium(Bb and indium(lll) 6b were in
almost equal amount, 0.1 equiv of 4-chlorobenzaldehyde was
added to the mixture as a THI8 solution. After 3 min, NMR Ab initio and density functional calculations were carried out
spectroscopy showed that most of the indium(l) intermediate with the GAUSSIAN 98 program to study structures and relative
5b had reacted while the indium(ili§b was still present. A stabilities of allenylindium(l, I1l) and propargylindium(l, 11B°
further quantity of 0.3 equiv of 4-chlorobenzaldehyde was then All geometries were first fully optimized by the HF/6-3G*
added in one portion and this time, all the organoindium method and then further optimized by the B3LYP/6-313*
intermediates disappeared in 2 min concomitant with the method?! The Lanl2dz basis set with Effective Core Potentials
formation of E-1-(4-chlorophenyl)-2, 5-dimethyl-2,5,6-hep- (ECP¥? was used for indium and bromide in all calculations.
tatrien-1-ol as the only product according to proton NMR Vibration frequencies were calculated for each structure, based
spectroscopy?" The results are therefore similar to that % on which free energies were calculated. As far as we are aware,
and8ain that the reactions between organoindium intermediates there have been no previous theoretical studies on the structures
5b and6b with aldehyde were fast processes, and the organo- and reactivities of organoindium compounds.
indium(l) intermediatésb was a more reactive species thanthe  Propargyl/allenyl indiums. B3LYP/6-31H1G* geometric
indium(lll) intermediate6b. optimization of propargylindium(l)%a) and allenylindium(l)
3-Bromo-1-Butyne (4c).The reaction ofic (R2 = R3 = H, (7a) led to only one structure, which is a-complex of
R* = Me) with indium in agueous media was also found to be allenylindium(l) (7a-P).? Propargylindium(l1l) dibromide€a)
fast. In a mixed solvent of FD/THF-d8 (4:1) and at low and allenylindium(lll) dibromide &a) were calculated to be
temperature (3C), the reaction system became a gellike mixture Stable ino-complexes with the B3LYP method. Allenylindium-
within one minute and therefore, was difficult to be monitored (ll) dibromide (82) is calculated to be more stable than
by NMR spectroscopy. Nevertheless, using equal amounts of Propargylindium(lil) dibromide §a) by 6.5 kcal/mol at the
THF-d8 and DO, the reaction gave much better results. At 30 B3LYP method. Repently, Reich provided evidence th_at some
s, three new sets of peaks clearly showed up in'Hh&IMR aII.enyI-propargylllthlum cgmpounds may adopt localized or
spectra and one set was assigned to be 1,2-butadiene that shouffidged structures depending on the solvent é¢gde therefore
be the hydrolysis product. The other two sets of peaks were at@/S0 calculated structurés8a(H,0) with one water molecule
4.98 (m, 1H), 4.46 (m, 1H), 1.56 (m, 3H) and 4.84 (m, 1H), coordmatec_i to thg indium atom. As shown in Flg_ure_4, a
4.34 (m, 1H), 1.50 (m, 3H), respectively, and were consistent ?-COmplex is obtained for each structure. The coordination of
with the allenic structure. When 4-chlorobenzaldehyde was the water molecule reduces the energetic preference of the

added to the mixture at this stage, 1-(4-chlorophenyl)-2-methyl- allenylic form of both In(l) and In(lll) species somewhat. In
3-butyne-1-010c (R = 4-CICsHs~, RZ = R3 = H, R} = Me) any case, the calculations clearly suggest that allenylindium

Theoretical Calculations

was the only product observed. When the ratio of Téi#Fto should be much more stable than propargylindium for these
D,O was changed to 3:2, the NMR spectra of the mixture could unsubstituted propargyl/allenyl systems, in agreement with the
be observed more clearly. experimental observation.

The reaction of 3-bromo-1-butyre with indium in deuter- Ef_f?q of Methyl Substituent on AIIenyI-In/Propza_\rgyI-In .
ated tetrahydrofuran under ultrasonic irradiation was then carried Equilibrium. The calculated structures and relative energies
out and found to be slower than that of propargyl bron#de of methyl substituted propargyl-I13b, 6b, 5¢ 60) and allenyl-

but faster than 1-bromo-2-butydé. At 6 h, three new sets of I7nb(7b, 3b’ 7:; 8;)3?_I$P9IVE?hlndFlglurF 5& F;)r the Int(Bb tand
peaks showed up again in thd NMR spectra and one set of SPecies, the method only leads o structure.

them was attributed to 1, 2-butadiene. The other two sets of Water complexation leads to a more staplenethylpropar-
peaks, which appeared around 4.88 (m, 1H), 4.40 (m, 1H), 1.61

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

(m, 3H) and 5.00 (m, 1H), 4.62 (m, 1H), 1.55 (dds= 6.9, 3.3 A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. Jr.; Stratmann,
: f— : R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

Hz, 3.H)’ respectlvely, were Slmlla_r to those obseryed In aqueous K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
media reaction and consistent with the allenylindium structure. lFDQ.; Mennucg, E.;Eor}welllij, (i( édamé). (|\;/| CEfford, E h(/?t:lhtﬁrsgi,rg.;
. . . etersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

Adding 4-chlorobenzaldehyde to the mixture resulted in the Rabuck, A. D.; Raghavachari, K. Foresman, J. B.: Cioslowski, J.; Ortiz,
propargylic alcohollOc(R = 4-CICeH;, RR=R3=H, R* = J. V.; Baboul, A. G; Stefanov, B. B, Liu, G.; Liashenko, A.; Piskorz, P.;
M We ded d th f that th I lindi @ Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
e). We deduce eretore ' at the allenylin |U'm speces M. A Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
and 8c have been generated in THiB-as well as in aqueous glcl)lth;ie'\zA'c\:N-';HJe%%nsGOo%c?ri; ﬁheg,er\)/}gal\évoggysM-Px\rl)-l:eA?g;SS,sfénL-:

media. Thei'3C NMR spectra, at 209.9, 83.8, 73.2, 14.2 ppm 98, Revision A.7; Gaussian, Inc.: Pittshurgh, PA, 1998.

- 21) (a) Becke, A. DPhys. Re. 1988 A38 3098. (b) Becke, A. DJ. Chem.
and 2.10'3’ 82.'9’ 75.'8’ 14.0 ppm and the subsequent 2D-NMR () Igh)ys.lgga 98, 137%/, 5648. (c) Lee, C.; Yang(, QN Parr, R.Bhys. Re.
experiments including COSY, HSQC, and HMBC, further 1988 B37, 785. Since the B3LYP method gives better prediction than the

confirmed the allenic structures of these two organoindium  FHF calculations, the HF computed values are provided as Supporting
. . nrormation.
species. When the reaction was left to proceed further under22) wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.
sonication, the set of peaks that was at higher field in proton (23) A similar z-complex structure was also obtained with MP2 geometric
] optimization.
NMR disappeared gradually and eventually only that set of (24) Reich, H. J.; Thompson, J. Qrg. Lett.200Q 2, 783.
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2.341

90.3 50.5

56.6 1285 = 334
7a-Pi (B3LYP) 5a(H,0) 7a(H,0)
BILYP 5.0 0.0

6a 8a
B3LYP 6.5 0.0

6a(H;0) 8a(H,0)
B3LYP 4.2 0.0

Figure 4. Calculated structures of propargylindium(§aj, allenylindium(l) (7a), propargylindium(lll) dibromide §a), and allenylindium(lll) dibromide
(8a) as well as their water complexésga(H,0). Calculated B3LYP (italic) bond lengths are in angstrom. Calculated relative free energies are in kcal/mol.

Carbon chemical shifts are in bold numbers.

80.3 755

24

1.207 1444

173.9
7b-Pi (B3LYP) 6b
B3LYP 0.0

L.3n4 1307 16.5

8c

7e (B3LYP)

B3LYP  10.9 0.0

Figure 5. B3LYP calculated structures of methyl substituted allenylindiumb, (7c), propargylindium(lll) dibromide &b, 6c), and allenylindium(lIl)
dibromide 8b, 8¢c). Calculated B3LYP (italic) bond lengths are in angstrom. Calculated relative free energies are in kcal/mol. Carbon chemical shifts are in

bold numbers.

gylindium(l) o-structure (see Supporting Information). For the o-complexes of propargylic and allenylic forms, with the
In(lll) dibromide species, the B3LYP method gives stable propargylicbb more stable than the allenyl&b. On the other
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Table 1. Experimental and Calculated 3C NMR Chemical Shift of
Various Organoindium Intermediates
calculated
for calculated for
allenyl propargyl
isomeric structures experimental structure structure
allenylindium(l)/ 7a(H0) 5a(H.0)
propargylindium(l) Cl: 81.47 C1: 90.3 Cl: 29.1
(5a/79 C2: 211.21 C2: 2074 C2: 121.1
C3: 62.12 C3: 50.5 C3: 729
allenylindium(lIn) 8a(H:0) 6a(H20)
dibromide/propargyl C1: 82.06 C1l: 68.2 Cl: 6.8
indium(lll) dibromide C2: 211.54 C2: 2280 C2: 96.9
(6a/89 C3: 64.19 C3: 79.0 C3: 69.6
a-methylallenyl-indium(l)/ 7b-Pi
y-methyl-propargylindium(l)  C1: 4.20 C1: 46.2
(5b/7b) C2: 719 C2: 173.9
C3: 80.8 C3: 110.8
C4: 3.93 C4:
a-methylallenyl-indium(lIl) 8b 6b
dibromidef/-methyl- C1: 6.22 C1: 72.9 C1: 6.5
propargylindium(lIl) C2: 74.0 C2: 222.7 C2: 75.5
dibromide C3: 78.6 C3: 100.9 C3: 80.3
(6b/8b) C4: 3.79 C4: 22.3 C4: 24
y-methylallenyl-indium(l)/ 7c
o-methyl-propargylindium(l)  C1: 73.2 Cl: 1124
(7c/59 C2: 209.9 C2: 207.3
C3: 83.8 C3: 81.7
C4: 14.2 C4: 19.1
y-methylallenyl- 8c 6c
indium(ll1) Cl1: 75.8 Cl: 84.2 Cl: 76.1
dibromidet-methyl- C2: 210.3 C2: 2269 C2: 86.0
propargylindium(lIl) C3: 829 C3: 88.2 C3: 32.1
dibromide 8c/69 C4: 14.0 C4: 16.5 C4: 20.7

hand, the allenyliZc and8c are calculated to be more stable
than the propargyliéc and6c¢.
In general, a methyl group, which is electron-donating and

Discussion

Because many organoindium (llI) compounds are known to
be hydrolyzed by water to the corresponding hydrocarBéns,
it was initially suggested that aqueous indium-mediated reactions
may not have involved the formation of discrete organoindium
intermediated’ It was subsequently established that, at least in
the case of indium-mediated allylation reactions, allyl bromide
reacted with indium in water to form a transient allylindium(l)
(1) intermediate (Scheme 1). The conclusion that allylindium-
(I) was the active allylating agent in water was somewhat
unexpected as most organoindium compounds have indium(lll)
oxidation staté® We were quite concerned by our previous
inability to observe a discrete intermediate in the reaction of
propargyl bromide with indium in water under the same
conditions in which allylindium(l) was observé3This raises
at least two questions concerning organoindium chemistry in
aqueous media. Is the formation of a transient but discrete
allylindium(l) (1) intermediate in water a general phenomenon
or is it only limited to the specific case of allylic system? Is
there any particular significance regarding the oxidation state
of indium which confers either stability or reactivity to the
allylindium intermediate 1)?

It is now clear from the results in Figure 1 that a transient
but discrete organoindium intermediate was also formed in the
reaction of propargyl bromide and indium in agueous media.
The intermediate was much shorter lived than allylindium(l),
and could only be observed in,O/THF-d8 (1:4) mixture at 5
°C (Figure 1a). The behaviors of the propargyl bromide/indium
system paralleled that of the allyl bromide/indium system,
however, in that two organoindium intermediates were observed

acts as steric hindrance, destabilizes a carbanion center. Specifi? 0rganic solvent (THF8) alone (Figure 1b), one of which

ically, in structure8b, the methyl group is at a 3marbanion
center and causes destabilizatiorBtowith respect togb. As
a result, the propargyl-In structub is predicted to be more
stable than the allenyl-In structuBb. Likewise, in structures
5candé6c, the methyl group is at a $parbanion center. It causes
a destabilization tabc and 6¢ with respect to7c and 8c.
Therefore, allenyl-In structuregc and 8c are predicted to be
more stable tharbc and 6c, respectively. These calculation
results are in full agreement with the experimental observations
presented earlier.

13C NMR Calculations. Another useful tool for structural
characterization of organometallic compounds is to compare the
calculated®C NMR chemical shifts with the observed values.
Using the B3LYP method it has been possible to compute
the theoretical chemical shifts of various organoindium struc-
tures. The calculatet®C NMR chemical shifts of propargyl/
allenyl indium compound$—8 are given in Figures 4 and 5
(bold numbers). The calculated values and the experimentally
observed3C chemical shifts for the various organoindium spe-
cies are summarized in Table 1. It is clear from the results in
Table 1 that these calculations further support the experimental
assignment of structures. That is, the organoindium species from
the reaction o#la and4c with In are in allenyl-In forms, while

was the same as the species formed in aqueous media. We were
able to prove that the other species formed in Td8F~vas an
indium(lll) compound by its independent generation from the
reaction of propargyl bromide and indium(l) bromide (Figure
1d and Scheme 3). The propargyl system is however more
complicated than the allylic system because it can exhibit
propargyl-allenyl isomerism for either the indium(l) speciga (
and7a) or the indium(lll) speciesGaand8a). The proton NMR
spectra are more consistent with the allenylic structideesnd

8a. The allenylic structural assignments were confirmeddgy
NMR measurements as well as computations. The obséfZed
NMR signals for the two intermediates at 211.21 and 211.54
ppm are consistent with the allenyl central carbon§gafnd

8a, and in reasonable agreement with the calculated values of
207.4 and 228.6 ppm respectively using the B3LYP method
(Table 1). Calculations by either the HF or the B3LYP methods
showed that between the propargylindium structutesand

6a) and the allenylindium structure§d and 8a), the allenyl
structures are the more stable irrespective whether the indium
is in the+1 or the+3 oxidation states. The predominance of
the allenylindium structurega and 8a is compatible with the
observed regioselection in their reactions with carbonyl com-
pounds. When eithefa or 8awas quenched witp-chloroben-

those from the reaction afb are in propargyl-In forms.

(25) The calculated®C NMR chemical shifts were evaluated by GIAO at the
B3LYP/6-31H+G** level based on the B3LYP-optimized structures: (a)
London, F.J. Phys. RadiumParis1937 8, 397. (b) McWeeny, RPhys.
Rev. 1962 126, 1028. (c) Ditchfield, R.Mol. Phys.1974 27, 789. (d)
Dodds, J. L.; McWeeny, R. Sadlej, A. Bol. Phys.198Q 41, 1419. (e)
Wolinski, K.; Hilton, J. F.; Pulay, PJ. Am. Chem. Sod.99Q 112, 8251.
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(26) Nesmeyanov, A. N.; Sokolik, R. Athe Organic Coumpounds of Boron,
Aluminum, Gallium, Indium and ThalliymNorth-Holland Publishing
Company: Amsteredam, 1967.

(27) Chan, T. H.; Li, C. J.; Lee, M. C.; Wei, Z. YCan. J. Chem1994 72,
1181.

(28) For a review of lower valent indium chemistry, see: Tuck, DGBem.
Soc. Re. 1993 22, 269.

(29) Yang, Y.; Chan, T. H., unpublished results.
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zaldehyde, the product obtained was the homo-propargyl alcoholVarian Mercury-300 (300 MHz) or Mercury-400 (400 MHz) at 20.
10a(R = 4-CICGsHs~, R2= R3= R*= H). In general, propargyl/ Chemical shifts for protons are reported in parts per million and
allenyl organometallic reagents react with carbonyl compounds "eferenced to residual protium in deuterated chloroform7(26),
via anS:2' pathway. The product distribution is determined by deuterium oxide ¢ 4.60) or tetrahydrofurand(1.73, 3.58). Carbon
the position of the equilibrium between the two intermediates chemical shifts are reported in parts per million relative to the carbon
and their relative rates of addition to carbonyl compounds res;) nanc(:je of t?e mts;thyl;ene gt;roups gf testiagydrc’ﬂ:ﬁg%'s’.6314)'
. . rocedure Tor e ectroscopic udies o rganoindium

(Scheme 3) with th(_-:' aIIenyImeths lead'_ng to the homo-propargyl Intermediates from PropaF:'gyI Bromri)de 4a and Indium ir?Aqueous
alcohols® Theoretical calculatlo_ns using _the_ BSLYP method  \1edia. To a solution of propargyl bromidéa (0.5 mmol) in THF€8
suggests also that water coordination with indium can affect (4 mL) and RO (0.1 mL) at 5°C was added in one portion indium
the structures and energies of the propargyl/allenylindium powder (0.55 mmol). The mixture was stirred vigorously &5and
systems. This role of water may be helpful in the eventual examined at intervals b$H NMR. At 3 min, 4-chlorobenzaldehyde
understanding of the particular ability of indium in mediating (0.25 mmol) was added to the system. After stirring for 1 h, the product
these reactions in aqueous media. was extracted into CDgland checked by NMR spectroscopy which

In the unsubstituted propargyl/allenylindiuis8a equilibria, indicated 1-(4-chlorophenyl)-3-butyne-1-alQa)®* was obtained in
both experimental and theoretical studies indicated that the 30% yield;*H NMR (400 MHz, CDC}) 6 7.33 (s, 4H), 4.86 (t, 1H]
allenylindium structures are the more stable. However, the . 0-2 H2), 2.64-2.61 (m, 2H), 2.42 (s, br, 1H), 2.09 (t, 38.= 2.8
equilibrium is greatly affected by substitutiéhFor they-me- H2). ) . .
thylpropargylé-methylallenylindiumss—8b derived from 1-bro- Procedure for the Spectroscopic Studies of Organoindium

20 - . Intermediates from Propargyl Bromide 4a and Indium in Deuter-
mo-2-butyne 4b), the equilibria are in favor of the propargylic 404 THE (without ultrasound). To a solution of propargyl bromide

intermediatessh and 6b. On the other hand, if the methyl is 44 (1.0 mmol) in THFd8 (0.8 mL) at ambient temperature was added

substituted at a different position as in the casexohethyl- in one portion indium (1.0 mmol). The mixture was stirred vigorously
propargylf-methylallenylindium$—8c, then the equilibria are  at room temperature and examined at time3HhNMR spectroscopy.
in favor of the allenyl structuregc and8c.32 These results are Procedure for the Spectroscopic Studies of Organoindium

consistent with the previous conclusions regarding the regiose-Intermediates from Propargyl Bromide (4a) and Indium in Deu-
lectivity in indium-mediated allenylation and propargylation terated THF (with ultrasound). To an oven-dried NMR tube was
reactions. In all cases, the products have the regioselectiondded propargyl bromidéa (0.5 mmol) and THF#8 (0.5 mL). Indium

expected from th&2' pathway* 1432 powder (0.5 mmol) was then added in one portion. The NMR tube
was put into an ultrasound bath for sonication at ambient temperature
Conclusion and was examined at times B NMR spectroscopy. At 4.5 h,

Th | h ith . # | 4-chlorobenzaldehyde (0.15 mmol) was added to the mixture. After 1
€ present resuits, t_oget er ‘_N't previous _stu_ eﬂgar y . h, TLC and NMR spectroscopy indicated 1-(4-chlorophenyl)-3-butyne-
demonstrated that transient but discrete organoindium intermedi-1_,| (104) was the only product in the reaction with a yield of 40%

ates were formed in the indium-mediated allylation and prop- (NmR).

argy!ation/allenylation of carbolnyl' compognds in aqueous  procedure for the Spectroscopic Studies of Organoindium
media. The nature of the organoindium species formed dependgntermediate from 1-Propargyl Bromide 4a and Indium Bromide

on the solvent used. In aqueous media, only the organoindium-in Deuterated THF (with ultrasound). To an oven-dried NMR tube

(1) species were observed by NMR spectroscopy, whereas inwas added propargyl bromida (0.5 mmol) and THFd8 (0.5 mL).
organic solvent (THF), both organoindium(l) and organoindium- Indium bromide (0.5 mmol) was then added. The NMR tube was put
(I11) species were formed and observed. In the propargyl/allenyl into an ultrasound bath for sonication at ambient temperature and was
indium system, the equilibrium is in favor of the allenylindium ~€x@mined at times bjH NMR spectroscopy. o

species. Methyl substitution affects the equilibrium. These Procedure for Determining the Yields of Organoindium Inter-

experimental observations are consistent with theoretical cal- mediates 7a and 8a in the Reaction of Propargyl Bromide 4a and
P Indium in Deuterated THF (with ultrasound). To an oven-dried

(?u'at'ons using the B3LYP meth,‘)ds’ suggesting that computa- NMR tube was added propargyl bromide 4a (0.5 mmol), toluene (0.17
tional methods may be helpful in the understanding of these mmol, internal standard) and TH#8 (0.5 mL). Indium powder (0.5
organometallic reactions in aqueous media. mmol) was then added in one portion. The NMR tube was put into an
ultrasound bath for sonication at ambient temperature and was examined
by *H NMR spectroscopy ta3 h when all the starting 4a had been
General. All reagents were obtained commercially unless otherwise consumed. The yields of the organoindium intermediates were deter-
noted. Indium powder, propargyl bromide and 1-bromo-2-butyne were mined by comparing the peak integration area of 7a or 8a with toluene.
fresh commercial samples and used directly without any further  Procedure for Determining the Relative Reactivity of Organoin-
purification. 3-Bromo-1-butyne was prepared according to literature dium Intermediates 7a and 8a with Aldehyde.To an oven-dried
proceduré? 4-Chlorobenzaldehyde was checked for purityHyNMR NMR tube was added propargy! bromide (0.5 mmol) and THF8
and was recrystallized if impure. Analytical thin-layer chromatography (0.5 mL). Indium powder (0.5 mmol) was then added in one portion.
(TLC) was performed on silica gel 604z plastic backed plates and ~ The NMR tube was put into an ultrasound bath for sonication at ambient
was visualized by dipping into a solution of ammonium molybdate temperature and examined By NMR spectroscopy. At time when
(2.5 g) and ceric sulfate (1 g) in concentrategbBy/H,O (10 mL/90 7aand8awere almost in equal amount, 4-chlorobenzaldehyde, which
mL) and heated with a heat gun. All NMR spectra were recorded on was dissolved in small amount of TH#8, was added in portions, and
the reaction was monitored by proton NMR spectroscopy (Figure 2) at

Experimental Section

(30) Yamamoto, HComprehensie Organic Synthesigrost, B. M., Fleming, intervals specified.
I., Eds.; Pergamon Press: Oxford, 1991; Vol. 2. L s of i .1

(31) For a difluoroallenyl indium system, see: Wang, Z.; Hammond, Gl.B. Allenylindium(l) (7a): Yield, 26% in THF€8; 'H NMR (400 MHz,
Org. Chem200Q 65, 6547, THF-d8) 0 4.91 (t, 1H,J = 6.8 Hz) and 4.02 (d, 2H] = 6.8 Hz);*C

(32) Marshall, J. A.; Chobanian, H. R. Org. Chem?200Q 65, 8357.
(33) Black, D. K.; Landor, S. R.; Patel, A. N.; Whiter, P. Fetrahedron Lett NMR (75 MHz, THFd8) (DEPT)¢ 211.21 (C), 81.47 (CH), 62.12

1963 8, 483. (CHy).
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Allenylindium(lll) Dibromide (8a): Yield, 30% in THF€8;*H
NMR (400 MHz, THF€8) 6 5.03 (t, 1H,J = 6.8 Hz) 4.22 (d, 2H)J
= 6.8 Hz);*3C NMR (75 MHz, THFd8) (DEPT)¢ 211.54 (C), 82.06
(CH), 64.19 (CH).

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 1-Bromo-2-butyne(4b) and Indium in Aqueous
Media. To a mixture of 1-bromo-2-butyngb (1.0 mmol) in O (1.0
mL) at 3°C was added in one portion indium powder (1.1 mmol). The
mixture was stirred vigorously at 3C and examined at times Bid
NMR spectroscopy. At 9 min, 4-chlorobenzaldehyde (0.5 mmol) was
added to the mixture. After stirring for 1 h, the reaction mixture was
extracted with CDGl and checked by TLC and NMR spectroscopy
which indicated that 1-(4-chlorophenyl)-2-methyl-2, 3-butadien-1-ol
(9b)'8was the only product in the reaction with a yield of 35% (NMR);
H NMR (400 MHz, CDC}) 6 7.32 (s, 4H), 5.10 (s, 1H), 4.924.90
(m, 2H), 2.17 (s, br, 1H), 1.56 (t, 3H,= 2.8 Hz).

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 1-Bromo-2-butyne (4b) and Indium in Deu-
terated THF (without ultrasound). To a solution of 1-bromo-2-butyne
4b (1.0 mmol) in THFd8 (1.0 mL) at ambient temperature was added
in one portion indium (1.0 mmol). The mixture was stirred vigorously
at room temperature and examined at time3HhWMR spectroscopy.

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 1-Bromo-2-butyne (4b) and Indium in Deu-
terated THF (with ultrasound). To an oven-dried NMR tube was
added 1-bromo-2-butyréb (0.5 mmol) and THFI8 (0.5 mL). Indium
powder (0.5 mmol) was then added in one potion. The NMR tube was

put into an ultrasound bath for sonication at ambient temperature and

was examined at times by4 NMR spectroscopy. At 19 h, 4-chlo-

robenzaldehyde (0.05 mmol) was added to the mixture and was found

to have been 100% converted Eel-(4-chlorophenyl)-2, 5-dimethyl-
2,5,6-heptatrien-1-&1" after overnight as checked by TLC and NMR;
1H NMR (300 MHz, CDC}): 6 7.28 (s, 4H), 5.725.66 (m, 1H), 5.08

(s, 1H), 4.66-4.60 (m, 2H), 2.73-2.69 (m, 2H), 2.52 (s, br, 1H), 1.71
(t, 3H,J = 3.3 Hz), 1.471.46 (m, 3H). In a separate experiment excess

amount of chlorobenzaldehyde (0.55 mmol) was added to the system

at 28 h and 1-(4-chlorophenyl)-2-methyl-2, 3-butadien-Bioi® was
obtained in 9% yield (NMR).

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 1-Bromo-2-butyne (4b) and Indium Bromide
in Deuterated THF (with ultrasound). To an oven-dried NMR tube
was added 1-bromo-2-butyrtb (0.5 mmol) and THFRI8 (0.5 mL).
Indium bromide (0.5 mmol) was then added. The NMR tube was put

y-Methylpropargylindium(l) (5b): Yield, 34% in THFd8;H
NMR (400 MHz, B;0) 6 1.47 (t, 3H,J = 2.8 Hz), 1.13 (q, 2HJ =
2.8 Hz);'H NMR (300 MHz, THF€8) 6 1.67 (t, 3H,J = 2.7 Hz) 1.40
(9, 2H,Jd = 2.7 Hz);13C NMR (75 MHz, THFd8) (DEPT)d 80.8 (C),
71.9 (C), 4.20 (Ch), 3.93 (CH).

y-Methylpropargylindium(lil) Dibromide (6b): Yield, 40% in
THF-d8; 'H NMR (400 MHz, D,O) 6 1.49 (t, 3H,J = 2.8 Hz) 1.16
(0, 2H,J = 2.8 Hz); 'H NMR (300 MHz, THF€8) ¢ 1.70 (s, 3H),
1.69 (s, 2H):33C NMR (75 MHz, THFd8) (DEPT)¢ 78.6 (C), 74.0
(C), 6.22 (CH), 3.79 (CH).

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 3-Bromo-1-butyne (4c) and Indium in Aqueous
Media. To a solution of 3-bromo-1-butyréc (1.0 mmol) in THF8/
D,O (1 mL, v/v in different ratios) at 3C was added in one portion
indium powder (1.0 mmol). The mixture was stirred vigorously at 3
°C and examined at times B NMR spectroscopy. At 3 min (THF-
d8/D,0 v/v = 1:1), 4-chlorobenzaldehyde (0.5 mmol) was added to
the system. After stirring for 1 h, the reaction mixture was extracted
with CDCl; and checked by NMR spectroscopy which indicated that
1-(4-chlorophenyl)-2-methyl-3-butyne-1-diqg** was the only product
in the reaction!H NMR (400 MHz, CDC}) 6 (two isomerserythra
threo = 44:56)threq, 7.31 (s, 4H), 4.50 (d) = 6.4, 1H), 2.86-2.74
(m, 1H), 2.60 (s, br, 1H), 2.22 (d, = 1.6 Hz, 1H), 1.12 (t) = 6.8
Hz, 3H); erythro, 7.31 (s, 4H), 4.70 (dJ = 5.6, 1H), 2.88-2.72 (m,
1H), 2.60 (s, br, 1H), 2.14 (d] = 1.6 Hz, 1H), 1.12 (tJ = 6.8 Hz,
3H).

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 3-Bromo-1-butyne (4c) and Indium in Deuter-
ated THF (with ultrasound). To an oven-dried NMR tube was added
3-bromo-1-butynéc (0.5 mmol) and THFd8 (0.5 mL). Indium powder
(0.5 mmol) was then added in one portion. The NMR tube was put
into an ultrasound bath for sonication at ambient temperature and was
examined at times bjH NMR spectroscopy. At 6 h, 4-chlorobenzal-
dehyde (0.15 mmol) was added to the mixture. After overnight, NMR
spectroscopy indicated that 1-(4-chlorophenyl)-3-butyne-1@d)(was
the only product in the reaction.

Procedure for the Spectroscopic Studies of Organoindium
Intermediates from 3-Bromo-1-butyne (4c) and Indium Bromide
in Deuterated THF (with ultrasound). To an oven-dried NMR tube
was added 3-bromo-1-butyre (0.5 mmol) and THRI8 (0.5 mL).
Indium bromide (0.5 mmol) was then added. The NMR tube was put
into an ultrasound bath for sonication at ambient temperature and was

into an ultrasound bath for sonication at ambient temperature and waséxamined at times b{H NMR spectroscopy.

examined at times byH NMR spectrosocpy.

Procedure for Determining the Yields of Organoindium Inter-
mediates 5b and 6b in the Reaction of 1-Bromo-2-butyne 4b and
Indium in Deuterated THF. (with ultrasound). To an oven-dried
NMR tube was added 1-bromo-2-butyne 4b (0.5 mmol), toluene (0.5
mmol, internal standard) and TH#8 (0.5 mL). Indium powder (0.5
mmol) was then added in one potion. The NMR tube was put into an

y-Methylallenylindium(l) (7¢): *H NMR (400 MHz, THF€8) ¢
4.91-4.86 (m, 1H), 4.43-4.36 (m, 1H), 1.63-1.59 (m, 3H);®*C NMR
(100 MHz, THF€8) 6 209.9, 83.8, 73.2, 14.2.

y-Methylallenylindium(lll) dibromide (8c):*H NMR (400 MHz,
THF-d8) 0 5.04-4.96 (m, 1H), 4.654.57 (m, 1H), 1.55 (dd) = 6.9,
3.3 Hz, 3H);C NMR (100 MHz, THFé8) 6 210.3, 82.9, 75.8, 14.0.
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Procedure for Determining the Relative Reactivity of Organoin-
dium Intermediates 5b and 6b with Aldehyde.To an oven-dried
NMR tube was added 1-bromo-2-butydlk (0.5 mmol), THFed8 (0.5
mL). Indium powder (0.5 mmol) was then added in one portion. The
NMR tube was put into an ultrasound bath for sonication at ambient
temperature and was examined at timesHNMR spectroscopy. At
the time wherbb and6b were almost in equal amount, 4-chloroben-
zaldehyde, which was dissolved in small amount of T¢#was added
in portions, and the reaction was monitored by proton NMR spectro-
scopy at different intervals.
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of this research.

Supporting Information Available: The stable/-methylpro-
pargylindium(l)o-structure and the HF computed values (pdf).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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