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Rate Enhancement of the Pauson - Khand 
Reaction by Primary Amines** 
Takumichi Sugihara,” Mamiko Yamada, Hitoshi Ban, 
Masahiko Yamaguchi,” and Chikara Kaneko 

The Pauson-Khand reaction is one of the most powerful 
methods for constructing cyclopentenon6s[’,’] and has been 
widely utilized for the synthesis of a variety of natural 
products.[3] “Hard” ligands, which usually contain an N or 0 
atom, in metal-carbonyl complexes labilize the CO ligands 
and therefore facilitate the ligand substitution If 
the “hard” ligands react with Co,(CO),(alkyne) complexes in 
the presence of olefins, the substitution of CO ligands by the 
olefins might be facilitated. Since the coordinated alkyne is 
also made reactive by the labilizing effect of the “hard” 
ligands, the Pauson - Khand reaction might be To 
confirm our hypothesis, we first investigated the use of “hard” 
ligands as solvents to study their effect on the Pauson - Khand 
reaction. The results are shown in Table 1. In the aprotic 

Table 1. The Pauson-Khand reaction of l a  in different solvents[a] 

No. Solvent CyNH, T t Yield [“/.I 
[ewivl [bl rcl 2a l a  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

____~  ~ 

n-hexane 
toluene 
1,2-dichloroethane 
1,4-dioxane 
EtOH 
Et3N 
Et2NH 
nPrNH, 
iPrNH, 
CYNH, [bl 
tBuNH, 
1.2-dichloroethane 
1,2-dichloroethane 
1,2-dichloroethane 
1,2-dichloroethane 
1 ,2-dichloroethane 
1,2-dichloroethane 

35 3d 
35 3d 
35 3d 
25 4d 
35 3d 
35 3d 
35 3d 
35 5min 
35 5min 
35 5 min 
35 3d 
25 10d 
83 5min 
83 5 min 
83 15min 
83 90min 
83 10h 

- 99 
- 98 
- 99 
- 98 
- 99 
- 99 
46[c] 23 
52[c] - 
68[c] - 

54[c] 15 
46[d] 13 
99 - 
99 - 
99 - 
94 - 
621~1 - 

72[c] - 

~ 

[a] All reactions were carried out in 0.2M solution under argon atmosphere. 
[b] Cy = cyclohexyl. [c] Unidentified polar by-products were also formed. [d] 1- 
phenyl-6-hepten-1-yne (3a) was also formed in 26% yield. 

solvents usually used in the Pauson - Khand reaction, the 
desired cyclization did not proceed at 35°C even after three 
days (Nos. 1-4). Complex l a  was also recovered almost 
quantitatively when ethanol or triethylamine, either of which 
might act as “hard” ligands, was used as solvent (No. 5 and 6). 
However, whereas the cyclization proceeded slowly in 
diethylamine (No. 7), it was complete within 5 min in cyclo- 
hexylamine to give 2a in good yield (No. Comparison 
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do + C - P h  c02(c0)6 

1 
2a l a  

of Nos. 6- 11 shows that the use of primary amines as solvents 
dramatically enhanced the rate of the reaction. The alkyl 
group on the primary amines also has a great influence on the 
course of the reaction. The moderately hindered primary 
amines, such as the ones containing secondary alkyl groups, 
seem to promote the Pauson - Khand reaction most effec- 
tively. The yield of 2a reduced when an amine with a primary 
alkyl group was employed (No. 8). The tertiary alkyl sub- 
stituted amine retarded the reaction (No. 11). 

Since cyclohexylamine seemed to be the best promoter for 
the Pauson-Khand reaction, we varied the amount used to 
optimize the conditions. The results are also shown in Table 1. 
When the reaction of l a  was carried out with 10 equivalents of 
the amine in 1,2-dichloroethane at 25T ,  the desired cycliza- 
tion was slow and decomplexation reduced the yield of 2a 
(No. 12). In contrast, the cyclized product 2a was produced in 
quantitative yield at 83°C (No. 13). No. 12-17 shows that 
more than three equivalents of the amine and the higher 
reaction temperature were both necessary to perform the 
desired cyclization in a short time as well as in quantitative 
yield. Various solvents were examined, such as n-hexane, 
toluene, 1,2-dimethoxyethane, THF, lP-dioxane, 2-propanol, 
acetonitrile, and N,N-dimethylformamide, but so far 1,2- 
dichloroethane remains the best solvent to obtain clean 
reactions and quantitative yields in this reaction system. The 
present conditions are a new and convenient method to 
promote the Pauson - Khand reaction without using oxidants. 

Since primary amines were effective as promoter, we felt 
that ammonia should not be an exception. When l a  was 
dissolved in 1,4-dioxane that was saturated with ammonia gas 
at 0°C and stirred in a sealed tube at 30°C for 4.5 days, the 
desired 2a was produced along with 3a. Since the use of a 

F k - P h  30 "C + 1 ,4-dioxane/NH3 (9) 
l a  

c"J= 0 

2a 
48% 

sealed tube is not convenient especially on a large scale, we 
decided to use a biphasic in which an aqueous 
solution of ammonium hydroxide would be the source of 
ammonia. The results under different conditions are summar- 
ized in Table 2. When 1 6 ~  aqueous solution of ammonium 
hydroxide was used as cosolvent, the cyclization proceeded 

Table 2. The Pauson-Khand reaction of l a  in a biphasic system under different 
conditions[a]. 
- ~- 

No. Aqueous T["C] i Yield (% J 
solvent 2a la  3a 

25 2 d  72 - 25 1 ~ ~ M N H , O H  
2 H,O 25 4 d  97 - 
3 H,O 100 30min - 91 - 

16 4 16MNH,OH 70 15min 83 - 
100 15min 95 - 4 5 1 6 ~  NH,OH 

6 4~ NH,OH 100 15min 91 - 9 
7 2~ NH,OH 100 15min 93 - 7 

- 

8 ~MNH,OH 100 45min 96 - 
9 5 u N a O H  100 15min 38[bJ - 
10 4.7M NH,CI 100 15min 22 62 - 

[a] Ail reactions were carried out in 0 . 1 ~  solution of 1,4-dioxane/aqueous solvent 
(13 vlv). [b] Unidentified polar by-products were also formed. 

- 
- 

even at 25°C (No. l), although the enyne 3a released from the 
complex was also produced. Comparison of No. 1 with the 
reaction of l a  with gaseous ammonia in 1P-dioxane suggests 
that water also affects the course of the reaction. Water itself, 
however, is not an effective promoter, since the reaction did 
not occur even at 100°C (No.2 and 3). Moreover, higher 
temperatures favor cyclization over decomplexation (No. 1,4, 
and 5). Even less concentrated solutions of ammonium 
hydroxide promoted the cyclization reaction (No. 6 and 7) 

oo l e  

Me 
2b 

1c 

CMCO), 

MeOOC 

l f  R = H  
lgf?=Ph 

@ 0 

2c 

MeOOC do 
MeOOC 

2f R = H  
29 R=Ph 

P h  
/ +pPh H O  0 

H 

2i * H H O  

2n 
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Me 
21 

L b  
4a 

l h  R' = Ph, R2 = H 
li R' = nBu, R2= H 
l j  R1 = nPr, R2 = nPr 

o&o 

2d 

4b 
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until a threshold dilution of about IM at which the reaction 
slowed down (No. 8). Moderate concentrations of ammonium 
hydroxide are apparently important. In addition, when an 
aqueous solution of sodium hydroxide was used instead of 
ammonium hydroxide, the desired cyclization did not proceed 
cleanly but afforded a complex reaction mixture (No. 9). 
Furthermore, aqueous ammonium chloride slowed down the 
reaction (No. 10). Therefore, neither hydroxide anions nor 
ammonium cations but ammonia itself is essential to enhance 
the rate of the Pauson-Khand reaction in this biphasic 
system. It is worth pointing out that aqueous ammonium 
hydroxide is the cheapest and the most convenient promoter 
for the Pauson - Khand reaction and that a simple extraction 
workup gave the spectroscopically pure samples of the 
product in the present system.[**l To our knowledge, this 
method is the first report of the Pauson-Khand type 
cyclization[1~2J‘] in the presence of water.l’’1 

Two sets of conditions to promote the Pauson-Khand 
reaction, namely, 3.5 equivalents of cyclohexylamine in 1,2- 
dichloroethane at 83°C (conditions A) and a 1:3 mixture (vlv) 
of 1,4-dioxane and 2 M  aqueous solution of ammonium 
hydroxide at 100°C (conditions B), were applied to various 

Table 3. The Pauson - Khand reaction of l b -  j under different conditions 
~~ ~ 

No. Starting material Product Conditions A [a] Conditions B [b] 
1 4 2 rlminl YieldI%l tlminl Yield[%l 

1 b  b 10 89[c] 30 92 

3 d  d 10 60 10 78 
4 e  e 30 71[e] 45 75[f] 
5 f  f 10 62 30 67 
6 g  g 20 89 30 90 
7 h  a[gl h 10 98[h] 10 l00[h] 
8 h  bk.1 i 10 83[h] 30 50[h,i] 
9 i  a[gl j 15 94[h] 10 921jI 
10 j a[sl k 10 45[h] 135 42[h] 

[a] Reactions were carried out in 0 . 2 ~  solution of 12-dichloroethane at 83°C in 
the presence of 3.5 equiv of cyclohexylamine under argon atmosphere. [b] Re- 
actions were carried out in 0.1M solution of 1,4-dioxane/Zhi aqueous solution of 
NH,OH (1:3 viv) at 100°C under argon atmosphere. [c] Cyclopentenones 2r and 
21 were also produced in 5 % and 5 % yield, respectively. (d] Cyclopentenones 2b 
and 21 were also produced in 5 % and 2 % yield, respectively. [el Cyclopentenone 
2m was also produced in 14% yield. [f] Cyclopentenones 2m was also produced 
in 12 % yield. [g] A 1.5 equiv of 49 or 4b was used. [h] No regio- or stereoisomer 
was detected. [i] The reaction of lh with 4b (10equiv) for 30min under 
conditions B gave 2i in 91 % yield. b] Cyclopentenone 2n was also produced in 
4% yield. 

2 c  C 30 90[d] 30 90 

substrates. The results are summarized in Table 3. In all cases 
the reaction was complete in short times and afforded the 
desired cyclopentenones in good yield. The two methods gave 
comparable results in terms of the rates and yields. 

In conclusion, convenient and economical promoters for 
the Pauson - Khand reaction have been developed. We are 
now trying to clarify the reaction mechanism and studying the 
reaction of the Coz(CO),(alkyne) complexes with primary 
amines in more detail. 

Experimental Section 

For conditions A: Synthesis of 2a: Under an argon atmosphere, a soIution of l a  
(456 mg, 1.00 mmol) and cyclohexylamine (0.395 mL, 3.49 mmol) in 1,2-dichloro- 
ethane (5 mL) was stirred at 83°C for 5 min. After cooling, Et,O was added, and 
the resulting suspension was filtered. The filtrate was washed successively with 
5% aqueous HCI, H20, and saturated aqueous NaHCO,, dried over MgSO,, and 
concentrated in vacuo. Purification by silica gel column chromatography (Et,O/ 

n-hexane 15/85) gave 197 mg (99 %)of 2a. M.p. 65°C (Et,O/n-hexane); IR (neat): 
G = 1693, 740, 700 cm-’; ‘H NMR (300 MHz, CDCI,, 25°C TMS): 6 = 1.0-1.25 
(m, IH),2.0-2.15 (m,ZH),2.15-2.35 (m,2H),2.55-2.75 (m, lH).2.75-3.0(m, 
3H), 7.2-7.35 (m, lH) ,  7.35-7.45 (m, 2H). 7.55-7.65 (m, 2H); ”C NMR 
(75MHz, CDCl,, 25°C): 6=25.57, 26.98, 30.61, 42.61, 44.29. 127.50, 128.05, 
128.08, 131.66, 134.14, 185.50, 208.58; C,H analysis (YO) calcd. for C,,H,,O 
(198.26): C 84.81, H 7.12; found: C 84.53, H 7.12. 
For conditions B: Synthesis of 2h: Under an argon atmosphere. a solution of l h  
(440 mg, 1.13 mmol) and norbornene (4a; 160 mg, 1.70 mmol) in 1.4-dioxane 
(3.0 mL) and 2M aqueous solution of NH,OH (9.0 mL) was stirred at 100°C for 
10 min. After cooling, Et,O was added, and the resulting suspension was filtered. 
The filtrate was washed successively with H,O, 5 %  aqueous HCI. and saturated 
aqueous NaHCO,, dried over MgSO,, and concentrated in vacuo. Purification by 
silica gel column chromatography (Et,O/n-hexane 15/85) gave 253 mg (100%) of 
Zh. M.p. 95°C (Et,O/n-hexane); IR (neat): i.= 1693 cm-’; ‘H NMR (300 MHz, 
CDCI,, 2 5 T ,  TMS): 6=0.95-1.05 (m. lH) ,  1.05-1.2 (m, l H ) ,  1.25-1.45 (m. 
2H), 1.55 - 1.8 (m, ZH), 2.28 (br. d, I = 3.8 Hz, 1 H), 2.37 (d, J = 5.2 Hz, 1 H), 2.50 
(br. d, J = 3.8 Hz, 1 H), 2.65 -2.75 (m. 1 H), 7.25 -7.45 (m, 3H), 7.64 (d, J = 2.7 Hz, 
1 H), 7.65-7.75 (m. 2H); ”C NMR (75 MHz, CDCI,, 25°C): 6 = 28.24, 28.99, 
31.13,38.22,39.33,39.52,47.59,54.83, 127.06,128.40,131.57,146.07,160.31,209.12; 
C,H analysis (YO) calcd. for C16H160 (198.26): C 86.45, H 6.35; found: C 86.33, H 
6.55. 
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1121 A couple of reports dealing with cobalt-mediated synthetic organic 
reactions in aqueous media deal mainly with hydroformylations and 
carbonylations mediated by the Co(C0); ion produced by a reaction of 
[Co,(CO),] with H,O or HO-. a) F. Francalanci, M. Foa, J. Organomet. 
Chem. 1982,232, 59; b) P. Eilbracht, E. Balb, M. Acker, Tetrahedron Lett. 
1984,25, 1131; c) M. Miura, F. Akase, M. Nomura, J. Org. Chem. 198752, 
2623; d) C. Zucchi, G. PQlyi, V. Galamb, E. SQmpQr-Szerencsbs, L. Marko, P. 
Li, H. Alper, Organometallics 1996,15,3222. 

Stepwise Reaction of Bis(iodozincio)methane 
with Two Different Electrophiles** 
Kiitiro Utimoto," Narihiro Toda, Takeshi Mizuno, 
Masami Kobata, and Seijiro Matsubara 

Geminal dimetallic reagents have attracted considerable 
attention as versatile reagents in organic synthesis)'] and 
consequently their preparation has been extensively stud- 
ied.['] Application of the reagents has focused on regioselec- 
tive olefination of carbonyl compound~[~l and coupling with 
two different electrophilic building  block^.^^^ We have devel- 
oped a method for preparing gem-bis(ha1ozincio)alkanes 
from the corresponding dihalides and have used the organo- 
zinc compounds for the olefination of aldehydes and 
ketones.[5] We have also observed that one of the two C-Zn 
bonds of bis(iodozincio)methane is much more reactive than 
the other in the reaction with water or iodine.[5b] These results 
suggested that the two C-Zn bonds could be used separately. 
We describe here a stepwise reaction of gem-dizinc com- 
pounds with two different electrophiles under palladium 
catalysis. 

We initially examined the Pd-catalyzed coupling of bis- 
(iodozinci0)methane (1) with allyl chlorides. As shown in 
Equation (l), an allyl chloride 2 (1.0 mmol) was treated with 

1 2a: R = Ph 

2b: R = n-CjtH23 

4a: R = Ph 5a: R = Ph 

4b: R = n-C1lH23 5 b  R = ~-CllH23 

1 (1.0mrnol) in the presence of [Pd,(dba),] .CHCl, 
(0.025 mmol) and a phosphane 3 (0.1 mmol) as a ligand in 
THF (dba = dibenzylideneacetone). After 30 min the result- 
ing mixture was quenched with DCl-D20 to give the 
deuterated product 5. Combinations of allyl chlorides and 
ligands, as well as yields of coupling products 5 are summar- 
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ized in Table 1. Excellent results were obtained by ligand 
tuning; phosphane ligands with electron-withdrawing groups 
such as tris[3,5-bis(trifluoromethyI)phenyl]phosphane (3c) 
and tris(2-furany1)phosphane (3d) afforded the coupling 
products in good-to-excellent yields. Quantitative formation 
of iodozinciomethylated products 4a was confirmed by * H  
NMR spectroscopy in [D,]THF; the spectra showed the 

Table 1. Yields [%] of the products5 obtained by Pd-catalyzed coupling of 1 with 
allyl chlorides 2 depending on the phosphane 3. 

3a 3b 3c 3d 3e 

3a 3b 3c 3d 3e 

COMMUNICATIONS ~~ ~ 
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Za [a1 < I  16 88 97 14 
ZbbI  < 1  < 1  82 91 i l  

[a] Reaction mixture was treated with DCI-D,O. The D contentsof the products 
were determined by IH NMR spectroscopy ( > 95 %). 

exclusive formation of (E)-4-phenyl-3-butenylzinc iodide 
when 3d is employed as a ligand. 

The intermediary organozinc compounds 4a and 4b 
reacted with other electrophiles such as allyl or acyl halides 
under the same palladium catalysis as shown in Equation 
(l).[6.71 This reaction permits a sequential coupling of bis- 
(iodozinci0)methane with two different electrophiles [Eq. (2)] 

1) [Pd2(dba)3]/ 36 

2) EX7 
CH2(Znl)2 + RX * RCHZE (2) 

1 2/6 8 

to give the three-component-coupling products in excellent 
yields. The results of such sequential reactions are shown in 
Table2. The formation of 8d and 8e can be explained by 
Equation (3). 

Table 2. Stepwise reaction of bis(iodozincio)methane with two electrophiles 

0 

PhKCl ' ph@---,-fPh 
Ph 

7c 8a 0 
Bb 

8C 8d Be 

Product Yield [%][a] Entry RX EX 
~ ~ ~ ~ ~ 

1 2a 7b 8a  87 
2 2s l c  8b 78 

4 6b 7s 8d 
3 6 s  7a 8 c  55 Ibl 

8OIb. cl 
5 6b 7b 8e 70[~1 

la\ Yield of isolated product. [b) >95% D. [c] Isotated as a diasrereomerlc - .  
mixture 




