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The efficient construction of unsaturated molecular frameworks Table 1. Regioselectivity with Symmemcal 1 3-DiyneSa

with desired regio- and stereochemistries remains one of the major P NN EtOZCO
challenges in organic chemistry. The metal-catalyzed merger of / 7 ocoE Et0.CO
. . . - Z CpRu(CH3CN)3PF6 2

alkynes and alkenéserves this purpose, albeit the regioselectivity R 10 acetone, 25 °C

generally suffers in intermolecular processes. Specifically, in the

Ru-catalyzed Alder ene reacti@megioselectivity is unpredictable, yield of ratio

leading to the formation of a mixture of linear and branched isomers  entry R 11 (%)’ (11:11")

in varying ratios® To improve selectivity, Trost et dlused silylated 1 a Ph 51 1:0

alkyne 1 to generate a branched ison8rwhile Lee et aF used 2 b CH,OAc 67 1:0

borylated alkyne2, which provided a branched isomdr with 3 ¢ CH(CH;)OAC 70 1.0
. ) 4 d CH(CHs)O(p-NO,)Bz 72 1:0

unusualcis-stereochemistry (eq 1). 5 e CH(CH,.CH,Ph)OAC 68 1:0

trans-branched cis-branched

) a Reactions performed with 10 mol % of RuCp(&N)sPFs at 25°C
Rsslj]/\H/\/ _rostetal | i — R Rl Hﬁi ) in acetone (0.15 M) for 5 min. Carbonate protecting group facilitates the
SR SR
R! R!

isolation of products. Less than 10 mol % of catalyst loading resulted in
longer reaction times and incomplete convershisolated yield.

3 2, Fg=B(OR), 4
RL H R! Table 2. Site-Selectivity with Unsymmetrical 1,3-Diynes?
X
)L/\/R S 7 R = R /\/\OH
AR R? Z 6 7 R2TH = )\/\) \N\
+ - (2) 2 CpRu CH3CN)3PFg
Rl——=— R2 | | selectivity ? R R R 12 acetone, 25 °C
5 7R ST
=~ H <R yield of ratio
R? 8 9 R? entry R! R2 13 + 14 (%)’ (13:14)
In search of a new regio-directing element complementary to % g : (B;lﬁ CH.OH gg ifg
. . . . L,CH; :
the silyl an_d boronate sut_)stltuents go_ntrolllng the regio- and 5 c Bu CH,OH 60 113.4
stereochemistry of the reaction, we envisioned the use of an alkyne 4 d Bu CH,CH,OH 59 1:3.0
moiety such as in 1,3-diyn&,6 where the alkyne substituent, 5 e Bu CH,CH,CH,OH 55 1:1.3
attached directly to the reacting alkyne moiety, is expected to exert g ‘; S:EE (B:‘;' o ;g 8{%
. . . 2! .
a strong impact for the favorable formation of one of the pairs of g h SiEk CH,CH,OH 70 01

regioisomers6/7 and 8/9 (eq 2)7 Herein, we report the highly

regioselective Alder ene reaction of 1,3-diynes (and 1,3,5-triynes)  2Reactions performed with 10 mol % of RuCp(§2N)sPFs at 25°C

to give 6/7 over 8/9, where the site-selectivity (a consequence of in acetone (0.15 M) for 5 mirk Isolated yield.

reactivity difference between the two alkyne moieties in unsym- selectivity (Table 2). For terminal 1,3-diynd®a and 12b, the

metrical 1,3-diynes) betwee® and 7 is controlled by judicious sterically least hindered terminal alkyne moiety participated in the

selection of Rand R. reaction to generaté3aand13b exclusively (entries 1 and 2). On
First, the regioselectivity profile of the Alder ene reaction was the other hand, the internal 1,3-diyn&8c—e provided mixtures

examined with symmetrical 1,3-diyn&6a—eto avoid any potential of 13c—eand14c—ein varying ratio (entries 35), which showed

site-selectivity problem. With 3-butenyl ethyl carbonate in acetone clear evidence of the regiochemistry-directing effect of a polar

(0.15 M) with a cationic ruthenium complex [RuCp(6EN);PR,8 hydroxyl group in a distance-dependent manner. In the case of 1,3-
substrate4 0a—e gave single regioisomeric ene products (branched diynes12f—h with a silyl group on one of the alkyne moieties, the
isomers)1lla—e in good vyields (Table 1, entries—b) without dominant role of the steric hindrance of the silyl group directed

contamination of the other regioisomgt’. Two salient features the reaction to occur on the other alkyne, irrespective of the presence

of these reactions are the perfect regioselectivity for the branchedor absence of the regiochemistry-directing hydroxyl group, provid-

isomer1l and the lack of reactivity of its alkyne moiety toward ing single productd4f—h (entries 6-8).

the second Alder ene reaction, thereby giving only monoalkene  The generality of regio- and site-selectivity shown in Tables 1

adducts. The high regioselectivity is the consequence of a strongand 2 was further confirmed with reactions between more diverse

directing effect of the alkyne moiety, whereas the site-selective 1,3-diynes having different steric environments at propargylic sites

reaction ofLl0over11lis probably the result of the higher reactivity — and various reacting alkene counterparts (Table 3). With dipge

of 1,3-diynes than that of the corresponding 3-branched 1,3-eflynes. reactions employing different alkenes did not perturb the efficiency
Having identified the uniform regioselectivity, we next examined and selectivity (entries-14), providing expected producfis3k—

the steric and polar heteroatom substituent eféétfor site- n. Replacing propargylic hydroxyl with an acetoxy groupligj
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Table 3. Selectivity of Reactions with Unsymmetrical 1,3-Diynes?

Entry Alkyne Alkene Product Yield (%)®
HO
4 OH OH HO I
. Z W An
1 EtSi 129 n EtSi Z 13K, n = 81
2 131, n=2 73
HO EtO,CO
3 12g N~_-OCO,Et J ~ 65
Et,Si
/ \/\/O "

4 Et;Si 12g, R=H EtsSi 13n R=H 80
5 12, R=Ac 130, R=Ac 81
. /OBoc BocO™ Y Et0,CO

Pz X 65

Bu /12k X~ 0CO,EL 413 ©.31)°
Bu P
7
X~ OCO,Et
121
/ \/\/:j "y

8 0. O\ )\/\/J

12m

>§ré

aReactions performed with 10 mol % of RuCp(&EN)sPFs at 25°C
in acetone (0.15 M) for 5 mir? Isolated yield.¢ Ratio betweerL3p and
its site-selective isomef. The reason for the formation of the minor isomer
is unclear at this point.

Scheme 1. Ruthenium-Catalyzed Alder Ene Reaction of Triynes
OR _ IR
= 16a,R=H 60%
Z P EtsSi 16b, R = Ac 70%
ELSI Z CpRU(CH3CN)3PFg RO
s 15a,R=H acetone, 25 °C )g 15%
15b, R = Ac

17a, R=H 0%

- 0,
sigt, 170, R=Ac 4%

or with Boc in 12k maintained the yield and selectivity, giving
130and13p, respectively (entries 5 and 6). Unexpectedly, substrate
12|, having a tertiary and a primary propargylic acetoxy groups,
gave a mixture ofl3qand13r with a marginal selectivity (3.5:1),
which indicates that the steric factor alone, unless it is a silyl group,
might not be enough for high selectivity. A boronate containing
diyne 12m showed the same regio- and site-selectivity, generating
product13swith minor stereochemical scrambling (entry?9).

Moreover, the regio- and site-selectivity of triynEsaand15b
to generate ene product§aand16b was found to be identical to
that of 1,3-diynes, except for the formation of minor double ene
product17b (4%). Resubjection of isolatetiob gave only 15%
yield of 17b with mostly recovered.6b (Scheme 1).

The observed regioselectivity of Alder ene reactions of 1,3-diynes
and 1,3-5-triynes is believed to be the consequence of the favorable
formation of metallacyclopenten& over C. The strong regio-
directing effect of the adjacent alkyne moiety is the result of its
more effective anion-stabilizing capacity via a conjugated ruthenium
carbenoid character, as shown in zwitterionic resonance #®rm
compared to that of Rin the regioisomeri€, as proposed by Trost
for the ene reaction between 4-hydroxy-2-alkynoate and terminal
alkenes® However, the sense of regioselectivity for the exclusive
formation of metallacyclopenten& is highly unusual compared

to the general preference f@ in reactions with Cg° Ta,c Zr,
Ni,’s and Rh’"! where the di- and triynes enter the metallacycle
with the alkynyl substituentt to the metal (biggest lobe of their
LUMO f to the metal}?13

o 1@ < 19 0
iy w | .=
\ Vs. = !
A R? c

In conclusion, we have realized an unusually high level of regio-
and site-selectivity in the Alder reactions of 1,3-diynes and 1,3,5-
triynes. The selectivity profile clearly indicates that one of the
alkynyl moieties of 1,3-diynes not participating in the reaction
determines the regiochemistry, whereas the interplay between steric
hindrance and polar substituents at the propargylic sites determines
the site-selectivity. The synthetic scope and utility of these
reactionst* as well as the effect of the alkyne moiety for controlling
regiochemistry, is under investigation.
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