
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 28 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Phosphorus, Sulfur, and Silicon and the Related Elements
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713618290

MODIFIED BOROHYDRIDE AGENTS, BIS (TRIPHENYLPHOSPHINE)
(TETRA-HYDROBORATO)ZINC COMPLEX [Zn(BH42(PPh3)2] AND
(TRIPHENYLPHOSPHINE) (TETRAHYDROBORATO)ZINC COMPLEX
[Zn(BH4)2(PPh3)]. NEW LIGAND METAL BOROHYDRIDES AS STABLE,
EFFICIENT, AND VERSATILE REDUCING AGENTS
Habib Firouzabadia; Mina Adibia; Mahboobeh Ghadamia

a Department of Chemistry, Shiraz University, Shiraz, Iran

To cite this Article Firouzabadi, Habib , Adibi, Mina and Ghadami, Mahboobeh(1998) 'MODIFIED BOROHYDRIDE
AGENTS, BIS (TRIPHENYLPHOSPHINE) (TETRA-HYDROBORATO)ZINC COMPLEX [Zn(BH42(PPh3)2] AND
(TRIPHENYLPHOSPHINE) (TETRAHYDROBORATO)ZINC COMPLEX [Zn(BH4)2(PPh3)]. NEW LIGAND METAL
BOROHYDRIDES AS STABLE, EFFICIENT, AND VERSATILE REDUCING AGENTS', Phosphorus, Sulfur, and Silicon
and the Related Elements, 142: 1, 191 — 220
To link to this Article: DOI: 10.1080/10426509808029675
URL: http://dx.doi.org/10.1080/10426509808029675

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713618290
http://dx.doi.org/10.1080/10426509808029675
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Pho.sphoros, Sulfur and Silicon. 1998. Vol. 142, pp. I9 1-220 
Reprints available directly from the publisher 
Photocopying permitted by license only 

Q 1998 OPA (Overseas Publishen Association) 
Amsterdam N.V. Published under license by 

the Gordon &Breach Science Publishers imprint. 
Printed in Malayaia 

MODIFIED BOROHYDRIDE AGENTS, 
BIS (TRIPHENY LPHOSPHINE) 

[Zn(BH&(PPh3)21 AND 
(TRIPHENYLPHOSPHINE) 

(TETRAHYDROBORAT0)ZINC COMPLEX 
[Zn(BH4),(PPh3)]. NEW LIGAND METAL 

BOROHYDRIDES AS STABLE, EFFICIENT, 
AND VERSATILE REDUCING AGENTS 

(TETRA-HYDROBORAT0)ZINC COMPLEX 

HABIB FIROUZABADI*, MINA ADIBI and 
MAHBOOBEH GHADAMI 

Department of Chemistry, Shiraz Universiv, Shiraz 71454, Iran 

(Received 13 August, 1998) 

Bis(triphenylphosphine)(tetrahydroborato)zinc and (triphenylphosphine)(tetrahydroborato) 
zinc complexes have been used for the efficient reductions of varieties of organic compounds 
in THF or under solvent free conditions. Selective reduction of aldehydes, ketones, 
a$-unsaturated carbonyl compounds, and acyl chlorides to their corresponding alcohols and 
aryl, alkyl, aroyl, and sulfonyl azides to their corresponding mines  and amides are 
described. Bis(triphenylphosphine)(tetrahydroboratro)zinc complex shows promising shelf 
stability and is much more stable than its mono triphenylphosphine analogue. The reducing 
ability of the two complexes is more or less the same. 

Keywords: Borohydride; Modified Zinc Borohydride; Reducing Agent; Reduction; Tetrahy- 
droborate; Carbonyl Compounds; Azides 
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INTRODUCTION 

Reduction is one of the most fundamental chapters in chemistry. After the 
discovery of sodium borohydride in 1943 a revolutionary change in the 
methodology of reduction of various functional groups has occurred. Since 
then, many research groups have put their efforts to prepare modified 
borohydride agents in order to bring about more chemo-, regio- and stere- 
oselective reductions, increasing the rate and versatility of the reaction 
conditions in comparison with the mother compound; NaBH4. Recently, 
we have extensively reviewed modified borohydride agents and their 
applications in organic synthesis.[’ One of the encountered modifications 
is the preparation of ligand-metal borohydrides [LXM(BH4)n].[2-71 The 
use of the ligand (Lx) can induce considerable relative stability and some- 
times variation in the reactivity of the B-H bond[3541 in comparision with 
the parent metal borohydride. Therefore, such modified tetrahydroborate 
complexes can constitute a class of reducing agents which could be useful 
for performing selective reductions of organic compounds. There are, 
however, few reports in the literature on the use of such compounds as 
reducing agents in organic synthesis. Bis(triphenylphosphine)(tetrahyd- 
roborato)copper(I), [Cu(BH4)(Ph3P)2] is an example in which the BH4- 
moiety is deactivated to the extent that it only reduces acyl chlorides to 
aldehydes, whereas, NaBH4 reduces them to their The other 
examples are ~-bis(cyanotrihydroborato)-tetrakis(triphenylphosphine) 
dicopper (I), [Cu2(BH3CN), (Ph3P)4][61, chlorobis(cyclopentadienyl)(tet- 
rahydroborato) zirconium(1V) [Zr(BH4)(CP)2C1][51 and polymer-sup- 
ported AlC12(BH4)[81. 

Zinc tetrahydroborate, [Zn(BH4)2] is a potential modified borohydride 
reducing agent, which has attracted attention in recent years.[’] This com- 
pound is unstable at room temperature and for satisfactory results, its 
freshly prepared ethereal solution should be used. Silica gel supported zinc 
tetrahydroborate also suffers from the same Zn(BH4)2 is 
neutral and in contact with water hydrolyzes vigorously.[31 Combination 
systems like Zn(BH4)2/N,N,N’,N’-tetramethylethylenediamine, Zn(BH4),/ 
Me3SiC1, and Zn(BH4)2/(CF3Co)20/ DME have also been used for vari- 
ous reduction purposes.[12] Supported polyvinylpyridinezinc tetrahydrob- 
orate is reported as a stable polymeric transition-metal borohydride. 
Poly[( 1,4-q)pyrazine] [tetrahydroboratolzinc, [Zn(BH4)2(PYZ)], is also 
reported.[14] This polymeric reagent is stable to heat and light, but in con- 
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TRIPHENYLPHOSPHINE (TETRAHYDROBORATO) ZINC COMPLEX 1 93 

tact with water explodes violently. Recently, we have reported a new 
metal-ligand borohydride; ( 1,4-diazabicyclo[2.2.2]octane)(tetrahydrobo- 
rato)zinc complex, [Zn(BH4)2(dabco)], as a stable white fluffy powder 
whose reducing activity is more or less the same as Zn(BH4)2[15'161. The 
effect of triphenylphosphine ligand upon the stability and reactivity of 
CuBH4 and C U ~ ( B H ~ C N ) ~ ]  are r e p ~ r t e d . [ ~ ) ~ . ~ ]  

The influence of the phosphorus ligands on the behavior of Zn(BH4)2 
with respect to its stability, solubility, reactivity, and selectivity for the 
reduction of organic compounds has not been studied yet. Therefore, we 
have paid attention to the preparation of Zn(BH4)2(Ph3P)] and 
[Zn(BH4)2(Ph3P)2] as new modified Zn(BH4)2 and studied their bench-top 
stability, solubility in organic solvents, reactivity, and their reducing abili- 
ties in organic syntheses. We have also discussed the limitations and 
advantages of the reagents in comparison with each other and with some 
other metal-ligand borohydrides. 

' 

RESULTS AND DISCUSSION 

A. Reductions with [Zn(BH&(Ph3P)21 

1. Preparation of [Zn(BH&(PhjP)2] 
Bis(tetrahyhydroborato)bis(triphenylphosphine)zinc(II), 
[Zn(BH4)2(Ph3P)2] was prepared by the addition of a two molar ethereal 
solution of triphenylphosphine to a one molar ethereal solution of 
Zn(BH4)2.r'71 The formation of the complex was fast and the reagent was 
formed in good yield (84%) as a white fine powder. This compound 
reacted vigorously with acids and slowly with water. The zinc percentage 
in the complex was determined by atomic absorption and the amount of 
BH; has been determined by iodometric titration method.["]. This rea- 
gent is soluble in THF, CH3CN, CHzC12 and CHC1,. We have performed 
our reactions in THF which is safer than chlorinated solvents and shows a 
reasonable boiling point when it is required. The shelf-top stability of the 
reagent has been determined by measuring the volume of the hydrogen gas 
liberated from the reagent at different time intervals for the portions of 
0.05 g of the compound and also by the iodometric titration of the reagent. 
The results show that the freshly prepared compound liberates hydrogen 
gas slowly for the first 20 days and reaches a stable state which contains 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



I94 HABIB FIROUZABADI et al. 

>85% of its original active hydride and could be stored for weeks without 
further losing its activity. 

2. Reduction of Aldehydes, Ketones and Acyl Chlorides 
Reductive transformation of carbonyl compounds to their corresponding 
alcohols is of importance in organic synthesis. [Zn(BH4)2(Ph3P)2] reduces 
aldehydes to their corresponding alcohols very fast in THF at room tem- 
perature with high yields (80-100%) (Table I). Ketones are usually 
reduced with slower rates than aldehydes. This is also observed with this 
reagent and it reduces ketones usually under reflux conditions with longer 
reaction times in high yields (85-100%) (Table I). We have also studied the 
reaction of acyl chlorides with [Zn(BH4)2(Ph3P)2] in THF at room temper- 
ature. The reaction was performed in a short reaction time and produced 
the corresponding alcohols in high yields (Table I). Attempts for the direct 
reduction of acyl chlorides to their corresponding aldehydes were not suc- 
cessful. In order to show the abilities and weaknesses of this reagent for 
the reduction of carbonyl compounds we have compared our results with 
the other reported zinc modified borohydride agents in TableII. The 
results show that [Zn(BH4)2(Ph3P)2] is more reactive than the reagents 
presented in Table 11. e.g, Zn(BH4)2 is not able to reduce a~etophenone,~’] 
[XP4-Zn(BH4)2][8’131 reduces this compound in <5% yield after 15 h and 
[PYZ-Zn(BH4)n[’41 reduces acetophenone in 85% after 30 h, whereas the 
presented reagent reduces the compound with 98% yield in 0.5 h. This is 
the reflection of the attachment of phosphorus ligand to Zn(BH4)2. Ally1 
alcohols are important synthetic precursors. Reductive transformation of 
the corresponding carbonyl compounds is an easy way to obtain the alco- 
hols. Reduction of a#-unsaturated carbonyl compounds with sodium 
borohydride is a highly solvent dependent reaction and generally does not 
result in useful regiosele~tivity.[~~~~~] Therefore, developed systems have 
been introduced for selective 1 ,Zreductions of a$-unsaturated aldehydes 
and  ketone^.[^,'^,^^-^^] Selective 1,2-reduction is usually achieved using 
modified hydride reagents, which are formed by the replacement of 
hydride with sterically bulky substitutions or electron-withdrawing groups 
in order to discriminate between the structural or electron environments of 
the carbonyl groups.[2~’9’2’+23~253261 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



TRIPHENYLPHOSPHINE (TETRAHYDROBORATO) ZINC COMPLEX 195 

TABLE I Reduction of Aldehydes, Ketones, and Carboxylic Acid Chlorides to Their 
Corresponding Alcohols with [Zn(BH4)2(Ph3P)2] in THF at Room Temperature or Under 
Reflux Conditions 

Entry Substrate Rea7Subs Yield%,(h) M p  or bp  ("C) 

3 M ~ O  + CHO 

CHO 

6 

0 

),, CHO 

Ph CH 

10 02N &CH3 

1 

1 

1 

1 

1.5 

1.5 

1 

2 

1 

2 

88(-)a 

89(-. 17) 

87( -)a.b 

100(-)a 

100(-)a 

100(-)a 

98(0.5)b 

95( I)h3c 

100(0.17)h 

92-94 

70-72 

23-25 

59-6 1 

60-62 

53-55 

2041745 mmHg 

161 

0 
I 92( 1 )' 
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Entry Substrate RedSubs Yield%,(h) M p  or bp ("C) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 85(0.33) 153- 154 

0 

0 

8 

1 50(2) 

1 90(0.25)b 

50-54 

33-35 

2 90(0.5)b 144/21 mmHg 

1 80(0.08)c 

I 90( -)a.c 

1 80(2.25)' 

1.5 90(0.25) 33-35 

1.5 98(-)a 92-94 

02N 
a) Immediate reaction. 
b) Under reflux. 
c )  C.G. yield. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



TRIPHENYLPHOSPHINE (TETRAHYDROBORATO) ZINC COMPLEX 197 

TABLE I1 Comparison of Reductions of Some Carbonyl Compounds and Carboxylic Acid 
Chlorides to Their Corresponding Alcohols with [ Z I I ( B H ~ ) ~ ( P ~ ~ P ) ~ ]  (I), [Zn(BH4)2(dabco)] 
(11). [Zn(BH4)21-XP41a (111). Zn(BH4),, (IV), [Zn(BH4)2(PYZ)l, (V) 

( I )  (IIP ( 1 1 0 1 ~ 3 ~ ~ 1  (1v)1~1 (vP41 
Entry Substrate field%, Yield%. Yield%, Yield%, Yield%, 

fh) fh) (h)  (h)  fh) 

C l e C H O  88(-)b 97(0.4) 935)  loo(-) 933)  

3 P C H O  96(6.5) 65(8) - 

98(0.5) 95(5.4) <5(15) 0(-) 85(30) 4 d  
5 W C H O  92(0.25) 94(4.5) 90(9) lOO(0.5) 93(6) 

0 
90(0.5) 92(2.3) lO(15) 15(30) 95(8) 

Q&m3 

l o  0 0  

50(2) 95(6) - 

85(0.33) 95(2.3) - 

95(1) . lO(24) 85(18) 
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198 HABIB FIROUZABADI er ul. 

90(0.25) 91(0.8) 85(12) 86(0.5) 93(3.5) 
I 2  &a 

a) Cross-linked poly(4-vinylpyridine) supported zinc tetrahydroborate. 
b) Immediate reaction. 

Reduction of a$-unsaturated aldehydes and ketones proceeded well 
with [Zn(BH&(Ph3P)2] in THF under reflux conditions (< 1 min-2.25 h) 
with high yields (80-90%)(Table I).  Reduction of cyclohexenone and 
3-methylcyclopentenone with hydride transfer agents afforded a mixture 
of alcohols via 1,2- and 1,4-hydride addition reactions. Reduction of these 
compounds were studied with [Zn(BH4)2(Ph3P)2] in THF at room temper- 
ature. The reactions proceeded by 1,2-addition and the products were iso- 
lated in 90% and 80% respectively (Table I). We have compared our 
results with the nitrogen ligand Zn(BH4)2 complexes in TableII. The 
comparisons show that [Zn(BH4>2(Ph3P)2] is more reactive than Zn(BH4)2 
and the closely related nitrogen ligand analogues. e.g. Zn(BH4)2[91 reduces 
benzalacetone via 1 ,Zreduction to produce the corresponding alcohol in 
15% yield after 30 h. [ZII(BH~)~- XP4][87'31 effected the same reduction 
after 15h in only 10% yield and [Zn(BH4)2- PYZ],"41 produced the allylic 
alcohol in 95% yield in 8h with 4 molar ratios of the reducing agent. 
[Zn(BH4)2(Ph3P)2] effected this reduction in 0.5 h with 90% yield with 2 
molar ratios of the reducing agent. This enhancement in the rate and the 
efficiency of the reaction is also attributed to the phosphorus ligands. 

3. Reductions of Aryl-, Alkyl-, Aroyl-, and Arylsulfonyl Azides 

The reduction of azides to amines constitutes a synthetically useful proc- 
ess. We have observed that [Zn(BH4)2(Ph3P)2] in THF reduces alkyl and 
aryl azides to the corresponding amines in high reaction rates 
(clmin-0.25h) and in excellent yields (Table 111). Aroyl and arylsulfonyl 
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azides were also converted to their corresponding amides in good yields 
(80-95%) with short reaction times (Table 111). Phenylacetyl azide was not 
reduced with this reagent under the same reaction conditions and the start- 
ing material was isolated intact after 24 h. 4-Nitrobenzoyl azide reduction 
gave its corresponding alcohol and amide in 50% yields respectively. Gen- 
erally, [Zn(BH4)2(Ph3P)2] is more efficient than the other closely reported 
analogues (Table IV) for this purpose. 

TABLE 111 Reductions of Alkyl and Aryl Azides to Their Corresponding Amines and Aroyl 
and Suylfonyl Azides to Their Correpsonding Amides with [Zn(BH&(PH,P), in THF 

Entry Substrate Beld%,(h) Mp or bp ("C) 

' c1 

2 p N 3  
NC' 

3 E t O 2 C G  N 3 

4 C I e N ,  
3 

3 

OH 

93(-)a 107-109 

91(0.25) 51-53 

90(0.08) 88-90 

SS(0.3) 61-1 1 

8910.16) 41-46 

100(0.25)b 
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Entry Substrate Keld%.(h) Mp or bp ("C) 

aoH N3 

0 

C l e k N 3  

0 

Me0 -@ & N3 

0 

12 

Ph CH;! C N3 

wSozN3 
)Qfso2*3 

CH3 

IOO(-)~b 

95( 1.25)' 

90(2)' 

179 

166-1 168 

92-94201 50(-)"*' 
5 O( -)a-d 

a) Immediate reaction. 
b) Under reflux. 
c) Molar ratio of reducing agenthubstrate: 2. 
d) Alcohol is formed. 
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TABLE IV Comparison of the Results of the Reductive Conversion of Azides by 
[ Z I I ( B H ~ ) ~ ( P ~ ~ P ) ~ ]  (I) ,  with [Zn(BH&(dabco)] (I]), [Zn(BH&] (Ill), and [Zn(BH4),-XP4] 
(IV) 

I C l e N 3  

J 

H j C O G C O N 3  

J 

Q C H 2 C O N 3  

8 mso2N3 

M(0.3) 
amine 

89(0.16) 
amine 

1 OO(0.25) 
amine 

900)  
amide 

95( 1.25) 
amide 

50(-)' alcohol 
SO amide 

N.R. 

93(0.17) 

92( 12) 

95( 12) 

lOO(11) 

97(48) 
amide 

93(24) 
amide 

880)  
amide 

98(0.75) 
amide 

92(3) 8S(7.5) 

70(14) 

65(8) 6408) 

94(5.5) 
alcohol 

95(3.5) 
alcohol 
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4. Solvent-Free Reduction of Some Functional Groups 
Solid state reactions have found interests in recent years in organic chem- 
i ~ t r y . [ * ~ ~  The solid state reduction of ketones has also been achieved by mix- 
ing with sodium borohydride and storing the mixture in a dry box for five 
days. The major disadvantage in the heterogeneous reaction with NaBH4 
is that solvent reduces the reaction rate while in the solid state reactions 
time period is too long (5  days) for it to be of any practical utility.[28i Micro- 
wave assisted reductions of aldehydes and ketones with NaBH4-AI2O3 in 
the absence of solvents has been reported very recently.[291 In this report it 
has been shown that reduction of benzophenone with NaBH4-A1203 in an 
oil bath at 130°C with 5 molar ratios of the reagent stopped at 40% conver- 
sion even after 4h. The same reduction under microwave radiation requires 
5 molar ratios of NaBH4-A1203 to produce diphenylcarbinol in 92% yield. 

We have studied the reducing ability of [ Z I ( B H ~ ) ~ ( P ~ ~ P ) ~ ]  under neat 
conditions in the absence of microwave and ultrasound radiations. In most 
of the reactions in our studies only one molar ratio of the reagent was 
required. The reactions were carried out at room temperature at 30°C, and 
60°C. The condition of the reaction was dependent upon the structure of 
the substrates. The rates of the reactions were also dependent upon the 
structure of the compounds and the reactions proceeded from immediate to 
5h. The yields of the products were excellent (Table V). Reaction was also 
chemo- and regioselective. a$-Unsaturated carbonyl compounds were 
reduced via a 1,2- reduction and produced the corresponding ally1 alcohols 
in almost quantitative yields (Table V). In order to show the utility of the 
solventless method, we have compared the results with those reported in 
solution (Table VI). 

TABLE V Solvent- Free Reduction of Some Carbonyl Compounds to Their Corresponding 
Alcohols and Some Azides to Their Amines with [Zn(BH,),(Ph,P),] 

Entry Subsrrate Molur Temp Yield%. M p  or bp 
ratio ("C) (h! ( "C! 

CHO 
I 60 98(0.3) 60-62 
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Entry Substrate Molar Temp Yield%, Mp or bp 
ratio ("C) (h)  t "C) 

60 90(2.5) 50-54 

2 60 90(4) 153-154 

1 60 lOO(0.16) 144/21 mmHg 

Ph P h  

1 rt 98(-)a.b,c 41-46 

1 60 lOO(2)' 
3 9 @CHzN 

10 p N 3  1 30 92(-)a.C 51-53 

NC' 
a) Immediate reaction. 
b) G.C. Yield. 
c) In the presence of silica gel 1: 1 in order to control the vigorous reaction. 
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TABLE VI Comparison of the Results of Solvent-Free and in Solution Reductions of 
Carbonyl Compounds and Azides to Their Corresponding Alcohols or Amines with 
[Zn(BHM‘h4’)21 

Entry Substrate Solvent Freea In Solution 

Molar ratio Keld%,(h) Molar ratio Yield%,(h) 

CHO 
1 98(0.3) 1.5 1 OO(-)a 

2 CCHO 

I 1 OO(0.16) 2 90(0.5) 

Ph 

I 1 OO( 2) I I OO(0.25) 

7 C H ~ - - @ N ~  I 98(-)a 1 89(0.16) 

a) Immediate reaction. 
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B. Reductions with [Zn(BH&(Ph3P)I 

1. Preparation of [Zn(BH&(PhjP)] 

(Tetrahydroborato)(triphenylphosphine)zinc (11) was prepared in two 
steps. First, by the addition of one molar solution of Ph3P in dry Et20 to a 
one molar solution of anhydrous ZnC12 in the same solvent. The resulting 
white precipitate of [ZnC12(Ph3P)] was dissolved in dry THF and more 
than two equimolar amounts of NaBH4 were added to the solution. After 
12h stirring, the mixture was filtered to remove NaCl and unreacted 
NaBH,. Evaporation of the solvent afforded a white precipitate of 
[Zn(BH4)*(Ph3P)] with a total yield of 70%. This compound reacts vigor- 
ously with acids and slowly with water. After few days, the color of the 
reagent changed to a pale gray with loosing its reducing ability. The meas- 
urement of the amount of the gas generated at different time intervals by 
this compound and also iodometric titration of BH4- content of the com- 
pound indicate appreciable decomposition of the reagent at room tempera- 
ture. This compound lost -50% of its active hydride within 20 days; 
therefore, it is less stable than [ZII(BH~)~ (Ph3P)2]. Purification of the 
compound for the elemental analysis encounters difficulties. Zn2+ and 
BH4- contents of the freshly prepared reagent were determined by atomic 
absorption technique and iodometric titration method['*]. The results were 
consistent with the proposed structure within the experimental error. 

2. Reduction of Aldehydes, Ketones, and Acyl Chlorides 

Aldehydes and ketones in THE were reduced by [Zn(BH4)2(Ph3P)] with 
high yields (75- 100%)(Table VII). The results indicated that ketones were 
reduced with slower rates than aldehydes. [ Z ~ I ( B H ~ ) ~ ( P ~ ~ P ) ]  reduced acyl 
chlorides to the corresponding alcohols in THF at room temperature in 
excellent yields (95-100%)(Table VII). Our efforts for the reduction of 
acyl chlorides to their corresponding aldehydes in varieties of solvents and 
with different molar ratios of the reducing agent were not successful. 
Reductive transformation of a$-unsaturated aldehydes and ketones to 
their corresponding ally1 alcohols was also achieved by [ Z I I ( B H ~ ) ~ ( P ~ ~ P ) ]  
in THF under reflux conditions within 0.17-2.5 h in high yields (85- 
100%) (Table VII). High yields of 1,2 reduction of cyclohexenone and 
3-methylcyclopentenone (80-85%) and high chemo- and regioselectivity 
of the reagent for this type of reduction were obtained (Table VII). The 
comparison of the results showed that the rates of the reactions were usu- 
ally faster for [Zn(BH4)2(Ph3P)2] reduction than [Zn(pH4)2(Ph3P)] and 
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the yields of the products were more or less the same. The results are com- 
pared with other related reagents in Table VIII. 

TABLE VII Reduction of Aldehydes, Ketones, and Carboxylic Acid Chlorides to Their 
Corresponding Alcohols with [Zn(BH4)2(Ph3P)] in THF 

Entry Substrate Molar ratio Temp("C) Yield%.(h) M p  or bp ("C) 

0 2 N e C H 0  rt 95(0.25)a 92-94 

CHO * &  
3 CCHO 

2 A 90(0.5)b 60-62 

2 A 95(0.17)' 

2 0 0  

0 
2 

2 

A 75( I .25)b 2041745 mmHg 

A 95(l)bv' 161 

A 90(l)b 

A 88(0.5)b 153-154 

A NR(20) 50-54 
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Entv Substrate Molar ratio Temp("C) Yield%,(h) Mp or bp ("C) 

10 rt 100(-)C 92-94 

1 .s A 100(0.4)b 33-3.5 

0 
2 A 100(1.3)b 

1 rt 8S(0.17)a9C 

a) Reaction proceeded at room temperature. 
b) Reaction proceeded under reflux conditions. 
c) G.C. yield. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



208 HABIB FIROUZABADI et 01. 

TABLE VIII Comparison of the Results of Reduction of Carbonyl Compounds and 
Carboxylic Acid Chlorides to Their Corresponding Alcohols with [Zn(BH4)2(Ph3P)] (I), 
[Zn(BH4)2(Ph3P)2)1(II), LZn(BH4)2(dabco)l(III), and Zn(BH& (IV) 

(1) ( [ I )  (IIO"" (WY' 
Yield%, (h) Yield%, (h) Yield%, (h)  Yi:eld%, (h) Entry Substrate 

CHO 

3 PhCOCH3 

s &  
0 

Ph H 

0 
10 

Ph c1 

95(0.25) 

90(0.5) 

7 3  1.25) 

9x1) 

O(20) 

88(0.5) 

lOO(O.4) 

lOO(1.3) 

loo(-) 

95(-) 

1 OO(-)-a- 

98(0.5) 

9X1) 

5 ~ )  

85(0.33) 

90(0.25) 

gO(O.08) 

98(-) 

90(0.25) 

95(2.3) 

94(4.5) lOO(0.5) 

88(20) 93(0.25) 

sO(0.8) 86(0.5) 
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3. Reduction of Aryl-, Alkyl-, Aroyl-, and Aryl Sulfonyl Azides 
Reduction of alkyl, aryl, aroyl and arylsulfonyl azides proceeded well and 
the corresponding amines and amides were obtained in excellent yields in 
THF with [ Z ~ I ( B H ~ ) ~ ( P ~ ~ P ) ]  (Table IX). Phenylacetyl azide was resistant 
towards reduction and after 24 h stirring with this reagent in THF the start- 
ing material was isolated intact. 4-Nitrobenzoyl azide gave the corre- 
sponding alcohol in 35% and the amide in 65% yields respectively. We 
have compared the results with other modified zinc borohydrides in 
Table X which indicates that [Zn(BH4)2(Ph3P)] is a more efficient reagent 
than its related nitrogen ligand analogues and Zn(BH4)2 for this purpose 
but is less effective than [Zn(BH4)2(Ph3P)2] for the above mentioned reac- 
tions (Table X). 

TABLE IX Reduction of Aldehydes, Ketones, and Carboxylic Acid Chlorides to Their 
Corresponding Alcohols with [Zn(BH&(Ph3P)] in THF 

Entry Substrate Molar ratio Yield%,(h) M p  or bp ("C) 

Jy"3 
02N 

1 90(-)a 148.5-149.5 

2 

3 

4 

5 

0 2 e p 3  
c1 

NC PN3 

Et02C-&N1 
J 

PhCH2N3 

2 100(l)b 107-109 

1.5 93(l)b 51-53 

2 96(l)b 88-90 

2 94( 1 ) C  61-1 1 

2 92(l)b 4 1 4 6  

2 100(3)C3d 
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Entry Substrate Molar ratio Yield%.(h) M p  or bp ("C) 

0 
-@&N3 

0 

Me0 -@ k N3 
10 

2 99(2.5)b 179 

2 85(0.16)' 166-168 

0 
2 66(2)b 

0 

Ph 

0 
14 II 

Ph CH2 C N3 

1 

N.R 

15 wSozN3 2 86( 1.5) 

a) Immediate reaction. 
b) Reaction proceeded at room temperature. 
c )  Reaction proceeded under reflux conditions. 
d) G.C. yield. 
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TABLE X Comparison of the Results of Some Reductive Transformation of Azides to Their 
Amines and Aroyl and Sulfonyl Azides to Their Arnides with [Zn(BH&(Ph3P)] (I), 
[ Z ~ ( B H ~ ) ~ ( P ~ ~ P ) Z ) I ( I I ) ,  [zn(BH,),(dabco)l(IIr), and Zn(BW2 (IV) 

1 C I e N 3  94(1) 85(0.3) 92(12) 92(3) 

2. M ~ + N ~  92(1) 89(0.16) 92(2) 

3 PhCH2N3 lOO(3) lOO(0.25) lOO(11) 65(8) 

95(3.5) 

4. Solvent-Free Reductions of Some Functional Groups 
[Zn(BH4)2(Ph3P)] has also proved to be an effective reagent for the reduc- 
tion of various carbonyl compounds and azides in the absence of solvent. 
Reduction of aldehydes occurred immediately with excellent yields in the 
presence of one molar ratio of the reducing agent at room temperature. 
Cyclohexanone was also reduced immediately to cyclohexanol in 94% 
yield with one molar ratio of the reagent at room temperature. Hindered 
ketones were also reduced to their alcohols in 88%, 50% and 87% yields at 
60°C (Entries; 4-6, Table XI). In order to show the regio- and chemoselec- 
tivity of the reagent in the absence of solvent, reduction of an a-p-unsatu- 
rated ketone was performed and the corresponding ally1 alcohol was 
obtained in 98% within 6 min. with one molar ratio of the reagent. Azides 
are also reduced to their corresponding amines in 7690% yields. The 
results are tabulated in Table XI. Generally, reactions with this reagent, 
under solvent free conditions are more efficient than the reactions in solu- 
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tion (Table XII). [Zn(BH4)2(Ph3P)] behaves similarly as 
[Zn(BH4)2(Ph3P)2] in the absence of solvent (Tables VI and XII). 

TABLE XI Solvent-Free Reduction of Carbonyl Compounds to Their Corresponding 
Alcohols and Azides to Their Amines with [Zn(BH&(Ph3P)I 

Entry Substrate Molar ratio Temp(OC) Yield%,(h) Mp or bp ("C) 

1 rt 1 oo(-)a 6 0 4 2  

7 2  
Ph 

1 rt 94( _)a*b.d 161 

1 60 88(2)' 50-54 

2 60 50(4)' 153-154 

1 60 87( 10)' 65-67 

1 60 98(0.08)b 144/21 mmHg 
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Entry Substrate Molar ratio Temp("C) Yield%,(h) Mp or bp ("C) 

H$-@Ns 1.5 60 89(0.08)' 4 1 4 6  

10 P h C H 2 N 3  1 60 70(2.3)C9d 

a) Immediate reaction. 
b) Reaction proceeded at room temperature. 
c) Reaction proceeded at 60°C. 
d) G.C. Yield. 

TABLE XI1 Comparison of the Results of Solvent-Free and in Solution Reduction of 
Carbonyl Compounds and Azides to Their Corresponding Alcohols or Amines with 
[ Z ~ ( B H ~ ) Z ( P W ) Z I  

Solvent-Free In Solution 
Molar ratio Yield%,(h) Molar ratio Yield%,(h) 

Entry Substrate 

1 100(-)a 2 90(0.5) 

),, CHO 

5 A  
Ph 

1 90(-)a 2 95(0.17) 

1 94(-)a 2 lOO(1) 

1 8 W )  2 O(20) 

1 98(0.08) 2 87(2.5) 
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Solvent- Free In Solution 
Molar ratio Yield%,(h) Molar ratio Yield%,(h) 

Entry Subsrrate 

6 PhCH2N3 1 70(2.3) 2 lOO(3) 

7 C H 3 e N 3  l s  89(0.08) 2 92(1) 

a) Immediate reaction. 

CONCLUSION 

In this study we have shown that unstable Zn(BH4)2 could be stabilized by 
Ph,P ligands. Bis(triphenylphosphine)(tetrahydroborato)zinc is much 
more stable than (triphenylphosphine)(tetrahydroborato)zinc which shows 
the effect of the number of triphenylphosphine ligands upon the stability 
of Zn(BH&. Both reagents are more efficient than Zn(BH4)* and their 
nitrogen ligand analogues. This is a reflection of the nature of the phos- 
phorus ligand upon the reactivity of Zn(BH4)2 . [Zn(BH4)2(Ph3P)] a stable 
reagent and should be used within a few days after its preparation whereas, 
[Zn(BH4)2(Ph3P)2] shows reasonable stability and could be considered as 
a bench top reagent. Ease of preparation of the reagents from commer- 
cially available materials, easy work-up, high rates, and yields of the reac- 
tions, low molar ratios of the reagent towards substrates, and high regio- 
and chemoselectivity of the reagents are worthy of mention for these rea- 
gents. 

EXPERIMENTAL 

General: Reactions proceeded in THE or under solvent-free conditions. 
Yields refer to isolated products. The products were characterized by com- 
parison with authentic samples (IR, 'HNMR, GLC, and TLC). 

Preparation of Bis(triphenylphosphine)(tetrahydroborato)zinc 
Complex [Zn(BH&(PPh&]. 

A mixture of anhydrous ZnC12 (4 g, 0.029 mol) in dry ether (50ml) was 
stirred until most of the solid was dissolved. The mixture was allowed to 
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stand for lh  and the liquid was decanted from insoluble material. The ethe- 
real zinc chloride solution was added dropwise to a stirred suspension of 
sodium borohydride (3 g, 0.98 mol) in absolute ether (150 ml) at room 
temperature followed by the addition of two more portions of NaBH, (3 g, 
0.08 mol). Stirring was continued overnight and then the suspension was 
filtered quickly and the solution was stored in a stopped bottle at 5°C. To 
the resulting zinc borohydride ethereal solution, triphenylphosphine 
(15.2 g, 0.058 mol) in Et20 (100 ml) was added. The precipitate was 
formed immediately which was filtered and the filter cake was washed 
with dry ether (50 ml). The resulting white powder was dried under vac- 
uum to give a white non-hygroscopic stable powder in 84% yield. The 
amounts of BH4-and Zn2+ content were determined by iodometric 
titration" and atomic absorption techniques: Calc for [Zn(BH4)2(Ph3P)2]; 
BH4-4.5%,Zn2+10.5%,Found;BH4-4.4%,Zn2+10.1%. 

Reduction of 4-Methoxybenzaldehyde to 4-Methoxybenzyl Alcohol 
with [Zn(BH4)2(PPh3)2]. A Typical Procedure for the Reduction of 
Aldehydes 

To a solution of 4-methoxybenzaldehyde (0.083 g, 0.6 mmol) in THF (10 
ml) in a round-bottomed flask (25 ml) equipped with a magnetic stirrer, 
the reducing agent (0.38 g, 0.6 mmol) was added and the resulting mixture 
was stirred at room temperature for 10 min. Progress of the reaction was 
monitored by TLC (eluent; CC14/Acetone: Yl).  After completion of the 
reaction, CH3OH (3 ml) was added to the mixture and stirring was cotin- 
ued for 1 h. Evaporation of the solvent and purification by preparative 
layer chromatography afforded 4-methoxybenzyl alcohol (0.075 g, 98% 
yield, Table I). 

Reduction of Cinnamaldehyde to Cinnamyl Alcohol with 
[Zn(BH4)2(PPh3),]: A Typical Procedure for the Selective 
1,2-Reduction of a$-Unsaturated Carbonyl Compounds 

To the stirring solution of cinnamaldehyde (0.07 g, 0.53 mmol) in THF (10 
ml) the reducing agent (0.33 g, 0.53 mmol) was added and the resulting 
mixture was refluxed for 0.25 h. CH30H (3 ml) was added to the resulting 
mixture and was stirred for 1 h. Evaporation of the solvent and purification 
of the crude material by column chromatography afforded cinnamyl alco- 
hol (0.064 g, 90% yield, Table I). 
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Reduction of Cinnamoyl Chloride to Cinnamyl Alcohol with 
[Zn(BH4)2(PPh3)2]. A Typical Procedure for the Reduction 
of Acyl Chlorides 

In a round-bottomed flask (25 ml), equipped with a magnetic stirrer, a 
solution of acid chloride (0.1 g, 0.6 mmol) in THF (10 ml) was prepared. 
The reducing agent (0.56 g, 0.3 mmol) was added and the reaction mixture 
was stirred at room temperature for 0.25 h. After completion of the reac- 
tion (monitored by TLC), CH,OH (3 ml) was added to the mixture and 
was stirred for 1 h. The resulting mixture was filtered and the solvent was 
evaporated to give the crude product which was purified by preparative 
layer chromatography to afford pure cinnamyl alcohol (0.09 g, 90% yield, 
Table I). 

Reduction of 4-Methylphenyl Azide to 4-Methylphenyl Amine with 
[Zn(BH4)2(PPh3)2]. A Typical Procedure for the Reduction of Azides 
to Amines 

[Zn(BH4)2(PPh3)2] (0.24 g, 0.4 mmol) was added to a stirring solution of 
4-methylphenyl azide (0.053 g 0.4 mmol) in THE (10 ml) and the resulting 
mixture was stirred at room temperature for 0.16 h. Progress of the reac- 
tion was followed by TLC (eluent; CCI4/Et20: 5/2). After completion of 
the reaction, CH,OH (3ml) was added to the mixture and stirring contin- 
ued for 1 h. The resulting mixture was filtered and the solvent was evapo- 
rated. The crude material was purified by chromatography on a silica gel 
plate to afford 4-methylphenyl amine (0.039 g, 89% yield, Table 111). 

Reduction of 4-Methylsulfonyl Azide to 4-Methylsulfonamide with 
[Zn(BH4)2(PPh3)2]. A npical Procedure for the Reduction of Sulfonyl 
Azides 

In a round-bottomed flask (25 ml), equipped with a magnetic stirrer, a 
solution of 4-methylsulfonyl azide (0.079 g, 0.4 mmol) in THF (10 ml) 
was prepared. The reducing agent (0.26 g, 0.4 mmol) was added and the 
reaction mixture was stirred at room temperature for 0.5 h. Progress of the 
reaction was monitored by TLC (eluent; CC14/Et20: 5/3). After comple- 
tion of the reaction, CH30H (3 ml) was added to the mixture and stirring 
cotinued for 1 h. The resulting mixture was purified by chromatography on 
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a silica gel plate to afford 4-methylsulfonamide (0.057 g, 85% yield, 
Table 111). 

Reduction of Benzalacetone to 4-Phenyl-3-butene-2-01 with 
[Zn(BH4)2(PPh3)2] Under Neat Conditions. A Typical Procedure 
for the Reductions in the Absence of Solvent 

Benzalacetone (0.1 g, 0.68 mmol) was mixed with [Zn(BH4)2(PP3)2] 
(0.42 g, 0.68 mmol) and was magnetically agitated at 60°C in an oil bath. 
Reduction was performed after 10 min., CH30H (6 ml) was added to the 
mixture and stirring was cotinued for 1 h. The resulting mixture was fil- 
tered and the solvent was evaporated. Purification of the crude material 
was carried out by chromatography on a silica gel plate to give 4-phe- 
nyl-3-butene-2-01 in a quantitative yield (Table V). 

Preparation of (triphenylphosphine)(tetrahydroborato)zinc 
Complex [ Z I I ( B H ~ ) ~ ( P ~ ~ P ) ~ I  

An ethereal solution of Ph3P (4.4g, 16.8 mmol) was added to a stirred 
solution of anhydrous ZnC12 (2.3 g, 16.8 mmol) in Et2O (50 ml) to afford 
immediate formation of a white precipitate of [ZnC12(Ph3P)] (6.7 g, 100% 
yield). After filtration, the precipitate was dissolved in THF (300 ml) and 
NaBH4 (3.8 g, 0.1 mol) was added and the mixture allowed to stir at room 
temperature for 12 h. The resulting mixture was filtered to remove the pre- 
cipitated NaCl and the excess of NaBH4. The solvent was evaporated 
under diminished pressure and the resulting white powder was washed 
with absolute ether (30 ml) and dried in the vacuum to afford 
[Zn(BH4)2(PPh3)] in 70% yield. BH4- and Zn2+ contents were determined 
by iodometric titration and atomic absorption techniques.Calc. for 
[Zn(BH4)2(Ph3P)]; BH4-7.8 %, Zn 18.3, Found; BH4-7.5%, Zn 17.9 %. 

Reduction of 4-Nitroacetophenone to 1-(4-Nitrophenyl)ethanol with 
[Zn(BH4)2(PPh3)], A Typical Procedure for the Reduction of Ketones 

To a solution of 4-nitroacetophenone (0.1 g, 0.6 mmol) in THF (10 ml) in 
a round-bottomed flask (25 ml) equipped with a magnetic stirrer and a 
condenser, the reducing agent (0.42, 1.2 mmol) was added and the result- 
ing mixture was stirred for 1 h while being refluxed. Progress of the reac- 
tion was monitored by TLC (eluent; CC1@t20: Y2). After completion of 
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the reaction, CH30H (3 ml) was added to the mixture and was stirred for 1 
h and filtered. Evaporation of the solvent and purification of the crude 
material by column chromatography afforded 1-(4-nitrophenyl)ethanol 
(0.1 g, 98% yield, Table XI). 

Reduction of p-Ionone to the Corresponding Alcohol with 
[Zn(BH4)2(PPh3)], A Typical Procedure for Selective l,2-Reduction 
of a,P-Unsaturated Carbonyl Compounds 

In a round-bottomed flask( 25 ml) equipped with a condenser, a solution of 
b-ionone (0.1 g, 0.5 mmol) in THF (10 ml) was prepared. The reducing 
agent (0.36 g, 1 mmol) was added and the resulting mixture was stirred for 
1.3 h under reflux condition. Progress of the reaction was followed by 
TLC (eluent, CC14/Et20: 511) and G.C. After completion of the reaction, 
CH30H (3 ml) was added and the mixture was stirred for 1 h and filtered. 
Evaporation of the solvent and purification of the crude material by chro- 
matography on a silica gel plate afforded the desired alcohol in a quantita- 
tive yield (Table VII). 

Reduction of 4-Nitrobenzoyl Chloride to 4-Nitrobenzyl Alcohol with 
[Zn(BH4)2(PPh3)] A ‘Qpical Procedure for the Reduction of Acyl 
Chlorides 

In a round-bottomed flask (25 ml) equipped with a magnetic stirrer, a solu- 
tion of 4-nitrobenzoyl chloride (0.1 g, 0.54 mmol) in THF (10 ml) was 
prepared. The reducing agent (0.19 g, 0.54 mmol) was added and the reac- 
tion was completed immediately (TLC, eluent; CC141Et20: 511). CH30H 
(3 ml) was added to the reaction mixture and was magnetically stirred for 
1 h and filtered. Evaporation of the solvent and purification by preparative 
layer chromatography afforded pure 4-nitrobenzyl alcohol in a quantitative 
yield (Table VII). 

Reduction of 4-Nitrophenyl Azide to 4-Nitrophenyl Amine with 
[Zn(BH&(PPh3)] A Typical Procedure for the Reduction of Azides 

To a stirring solution of 4-nitrophenyl azide (0.06 g, 0.37 mmol) in THF 
(10 ml) the reducing agent (0.13 g, 0.37 mmol) was added at room temper- 
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ature. The reaction was completed immediately. C H 3 0 H  (3 ml) was added 
to the mixture and was stirred for 1 h and filtered. Evaporation of the sol- 
vent and purification of the crude product by chromatography on a silica 
gel plate (eluent; CC14/Et20: 5/1) afforded 4-nitrophenyl amine in a quan- 
titative yield (Table IX). 

Reduction of 1-Naphthaldehyde to 1-Naphthylmethanol with 
[Zn(BH4)2(PPh3)] Under Neat Conditions. A Typical Procedure 
for the Reduction of Aldehydes in the Absence of Solvent 

A mixture of 1-naphthaldehyde (0.06 g, 0.38 mmol) and 
[Zn(BH4)2(PPh3)] (0.14 g, 0.38 mmol) was prepared and was magneti- 
cally agitated at room temperature. Reduction was completed immedi- 
ately. CH30H (3 ml) was added to the mixture and stirring continued for 1 
h. The mixture was filtered and evaporation of the solvent followed by 
chromatography on a silica gel plate gave pure 1-naphthylmethanol in a 
quantitative yield (Table XI). 
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