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to  Aldehydes 
By Ian D. Entwistle and Peter Boehm, Shell Biosciences Laboratory, Shell Research Ltd., Sittingbourne, Kent 

Robert A. W. Johnstone," and Robert P. Telford, The Robert Robinson Laboratories, The University, 
ME9 8AG 

Liverpool L69 3BX 

Addition of metal ions such as Cu+, Cu2+, Cd2+, and Zn2+ with dimethylformamide to sodium tetrahydroborate in 
acetonitrile affords a reducing medium in which acyl halides are converted to aldehydes but alkyl, aryl, and benzylic 
halides are unaffected. The inertness of these last, synthetically useful, functional groups along with the inertness 
of other potentially reducible groups, makes the reagent very selective for direct reduction of acyl halides to alde- 
hydes. The reducing solution is stable, readily prepared from cheap materials, rapid in action, and easy to use, 
making the conversion of acids to aldehydes via acyl halides a routine synthetic procedure. 

SODIUM TETRAHYDROBORATE is a widely-used reductant 
with many applications in organic synthesis, with cheap- 
ness and ease of handling being amongst its attractive 
features. The reactivity of sodium tetrahydroborate 
has been enhanced by replacing up to three hydrogens 
with alkoxy groups, the resulting alkoxyliydroborates 
resembling lithium tetrahydroaluminate in effectiveness 
for reduction.2 Alternatively, tetrahydroborate re- 
ducing activity is enhanced by addition of metallic ions 
such as Li+, Mg2+, and AP+. Whereas sodium tetra- 
hydroborate will not reduce esters under normal con- 
ditions, it does so in the presence oi lithium or magnesium 
chloride. Zinc tetrahydroborate can be used to reduce 
compounds sensitive to  the base present as a stabilizer 
in sodium tetrahydr~borate .~ Use of Pd, Pt, Os, Ir, 
Cu, Ni ,  and Co salts with tetrahydroborate has been 
advocated for the reduction of nitro, nitroso, cyano, and 
amide groups to  amino. In  these cases, the metallic 
ions are reduced to a finely-divided metallic staic; 
effective, along with the hydrogen produced, for the 
reduction ; 4a similarly, palladised charcoal and sodium 
tetrahydroborate have been empl~yed .~"  Use of sodium 
tetrahydroborate has been described for dehalogenation 
with palladised charcoal and formation of azoxy- 
compounds with cobaltous salts.6 The activity of 
hydroborates is strongly influenced by solvents.' 
Further, metal hydroborates may be made separately 
and used as such but often reducing solutions are pre- 
pared in which the metal hydroborate is nominally 
prepared by metathetical reaction and used without 
isolation of the hydroborate species. In  these latter 
cases, the structure of the reducing species may well be 
unknown and could range from that of a simple, ionic 
hydroborate to that of a complex, covalent salt. In the 
present work, the interplay of metal ions and solvent was 
found to be effective in the action of a reducing solution 
prepared by metathesis. Initial experiments were 
undertaken to develop an alternative to direct methods 
of reducing acyl chlorides to aldehydes, as for example 
those in refs. 8 and 9. 

RESULTS AND DISCUSSION 

When mixed in 1 : 2 molar proportions at  -10 "C, 
solutions of copper(I1) chloride and sodium tetrahydro- 

borate in dimethylformamide afforded a brown solution 
which slowly effervesced. Addit ion of benzoyl chloride 
to  this solution followed by work-up two or three minutes 
later gave a 46% yield of benzaldehyde. In  an attempt 
to stabilize the solution, co-ordinating ligands such as 
t riet h ylamine, t riet li yl phosphit e, and triphenylphos- 
phine were added, and these slightly improved the yield 
of aldehyde. As the copper(I1) salt was obviously 
(from colour changes) being reduced to copper(r), and as 
copper(1) tetrahydroborate was known lo (its reactions 
with organic functional groups had not been investi- 
gated), a reducing solution was prepared from a 1 : 1 
molar ratio of copper( I) chloride and sodium tetrahydro- 
borate in dimethylformamide at  -5 to -10 "C. Re- 
action with benzoyl chloride gave 63% of benzaldehyde 
together with some benzyl alcohol and beiizoic anhydride. 
The benzoyl chloride and ' copper tetrahydroborate ' 
were mixed in a 1 : 1 molar ratio and, with the excess of 
hydride, it is surprising that any aldehyde remained un- 
reduced to benzyl alcohol. Vigorous conditions were 
required to  reduce aromatic acid chlorides to alcohols 
with sodium tetrahydroborate in dioxan,ll and we con- 
cluded that solvent was important in this reaction. 
When the above reduction with copper(1) salt was 
attempted in acetonitrile, all the benzoyl chloride was 
recovered. Benzaldehyde was obtained only when 
solvents such as dimethylformamide, dimethylacetamide, 
and hexamet hylphosphoramide were present, alone or 
admixed with other solvents, and this suggested that an 
acyl halide-solvent complex was being reduced, not the 
acyl halide alone. Such complexes are well known and 
have been postulated as intermediates in other re- 
actions.12 Addition of ' inert ', aprotic solvents like 
diethyl ether and carbon tetrachloride t o  dimethyl- 
formamide did not greatly affect reaction yields but 
acetonitrile was found best for all-round solubility of 
inorganic and organic compounds ; small additions of 
diglyme or hexametliylphosphoramide were useful in 
preparation of the reagents to  solubilize the sodium 
t et rahydroborat e. 

The ' copper(1) tetrahydroborate ' solutions were un- 
stable and consideration of the Periodic Table and known 
stabilities of other metal hydroborates lo, l3 suggested 
that  zinc(r1) or cadmium(r1) salts might be more useful. 
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Aldehydes (RCHO) produced by reduction of acid chlorides (RCOC1) with cadmium-moderated borohydride 

R 
P h  
4-MeC,H4 
4-ClC,H, 
C-NO,C,H, 

4-NCC6H, 
4-MeOC6H, 

2-MeC,H4 
2-BrC,H4 

3,4,5-(MeO) 3C6H2 
4-ClC,H,CH(CHMe,) 
PhCH, 

2-Me02CC6H, 
3-PhOC6H, 

trans-PhCH=CII 
n-C7H15 

cyclo-C,Hll 
cyclo-C3H5 
GZS-~-E~O,C-C~CIO-C~H, 

Me3C 

cis-2-EtO2C-3,3-Me,-cyclo-C,H, 
trans-MeCH=CH 
n-C,,H,,Cl a 
n-C,,H,,Br d 
n-C,,H,,I a 
C5H5CH,C1 

Yield a (yo) 
76, 80 

89 
74 
71 
63 
67 
60 
62 
52 
81 
46 
61 
58 
71 
56 
32 
24 
62 
50 
74 
54 

M.p. ("C) (solvent) a 

241-242 (AcOH) 
238-240 
272 (EtOH) 
3 17-3 18 (xylene) 

307-308 (AcOH) 
190-192 
199-200 (xylene) 
242-243 (xylene) 
185-1 87 (toluene) 
246-247 (AcOH) 
162-1 63 (&OH) 

253-254 
103 (EtOH) 

251-252 (AcOH) 

115-117 (EtOH-C6H6) 

209-2 10 (EtOH-AcOEt) 
165-166 (MeOH) 

158-159 (MeOH) 

182-1884 (EtOH-AcOEt) 

188-189 (MeOH) 

127 -129 (MeOH) 

Lit. m.p. ("C) or analysis 
237 28 

23 3- 2 3 4 29 

270-271 30 

320 31 

253-254 28 

295-298 

203 31 

C, 52.3 (52.4); H, 3.6 (3.5); N, 16.0 (16.3)0/, 
C, 60.7 (60.3); H, 3.6 (3.7); N, 14.9 (14.8)% 
246 32 

C, 54.4 (64.2); IT, 4.5 (4.5); N, 14.6 (14.9)7(, 
125-126 33 

25; 28 

106 
210 34 

172 35 
184-185 
C, 48.5 (48.5); H, 4.3 (4.4); N ,  17.4 (17.4)% 
C, 44.1 (45.0);  H, 3.3 (3.7); N, 14.8 (15.0)o/o 
184--185 

190-193 29 

a As 2,4-dinitrophenylhydrazone (recrystallized from stated solvent). 113 N.m.r. spectra consistently indicated yields of the 
aldehyde ca. 10% greater than the isolated yields of recrystallized 2,4-dinitrophenylhydrazone. All are 2,4-dinitrophenyl- 
hydrazones. For previously unknown 2,4-dinitrophenylhydrazones, required percentages for C,H,N are given in parentheses after 
the values found by elemental analysis. Actual compound 
used and recovered in 100% yield with no evidence (1H n.m.r.) for displacement of halogen by hydrogen. 

c Yields obtained in different laboratories using same conditions. 

A solution of cadmium(I1) chloride and sodium tetra- 
hydroborate (1 : 2 molar ratio) in dimethylformamide 
reduced benzoyl chloride t o  benzaldehyde in 60-70 yo 
yield at  -10 "C. Conveniently, the cadmiuni chloride 
was dried by crystallization from dimethylformamide to 
give CdCl,*l .5DMF.14 This amount of ciimethyl- 
formamide was sufficient for reduction and use of 
CdC12*1.5DMF in acetonitrile gave a 76% yield of benz- 
aldehyde. The other acyl halides in the Table were 
reduced similarly. 

As the examples in the Table show, reduction of acyl 
chloride to aldehyde can be effected rapidly in good yield, 
in the presence of other reducible substituents such as 
nitrile, nitro, ester, and alkene. The range of com- 
pounds studied is much wider than previously reported.15 
Some notably selective reductions are shown: ap- 

unsaturated acid chlorides are reduced only to ctp-un- 
saturated aldehydes ; no dehalogenation of aromatic 
halides occurred ; ortho-substituted acyl halides gave 
good yields of aldehydes, although the sterically-crowded 
pivaloyl chloride gave only a modest yield of pival- 
aldehyde. 

Halides are useful functional groups in synthesis so 
that the stabilities of dodecyl chloride, bromide, and 
iodide to the reducing agent are particularly encouraging ; 
the lack of reactivity of benzyl chloride is noteworthy. 

From the variety of reducible functional groups which 
survives this new reducing agent, i t  appears to  be 
markedly selective and, in this respect, compares 
favourably with other reported direct reductions of acyl 
halides to aldehydes. For example, reduction of acyl 
halide with triphenyltin hydride gives variable yields of 
esters as well as aldehyde, and exchange of halogen for 
hydrogen is observed in some halogenated acyl halides.16 

The present procedure using cadmium( II)-modifiecl 
sodium tetrahydroborate is simple and convenient. 
The reagent can be prepared in bulk and stored at  0 "C, 
and all products from hydrolysis aftcr reduction are 
water-soluble and are not extracted into organic solvents, 

Recently, two groups havc reported the direct re- 
duction of acid chlorides to aldehydes by use of bis- 
(triphcnylphosphine) copper( I) 
Yields of aldehydes were similar to those reported liere 
but the utility of this triphenylphosphine-complexed 
tetrahydroborate suffers from its liigh molecular weight, 
and the more laborious work-up needed to remove the 
triphenylphospliine from reduction products. In one 
of these last reports,l7fi it was necessary to  add up to two 
niolar equivalents extra of triphenylphosphine to effect 
reduction and suggests an acyl-triphenylpliosphine com- 
plex may actually be the species reduced, similar to our 
acyl-DMF complex. 

Stable acyl-DMF complexes have been isolated from 
acyl bromides,18 whereas acyl chlorides yield only a 
small equilibrium percentage of  complex in solution. 
From this point of view, it seemed that acyl bromides 
might give higher yields of aldehydes than acyl chlorides. 
In fact, yields of aldehydes were about the same for 
bromides and chlorides, and the sensitivity of the former 
to  atmospheric moisture made them less convenient to 
use. 

Zinc tetrahydroborate, either prepared separately or 
in situ by rnetatlietical reaction from zinc chloride aiitl 
sodium tet rahydroborate, gave inferior yields of alde- 
hydes. Other attempted reductions in the presence of 
Pt? I ,  Fez+, or Hg ' salts, either in catalytic or stoicheio- 
metric amounts, led either to  reduction t o  metal or to  
very inferior yields of aldehyde ; debromination of 

tet rahydroborat e .17(1* 
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steroidal bromoketones by sodium tetrahydroborate in 
the presence of catalytic quantities of Pb2+ or Cu2+ has 
been reported.lg 

Two minor products from these reductions were noted. 
The first was the alcohol resulting from over-reduction 
of acyl chloride and the second was the acid anhydride. 
The reduction is envisaged as proceeding according to 
equation (1) in which the intermediate acyl-DMF 
complex can react with ' hydride ', either a t  the carbonyl 
group, releasing DMF and giving aldehyde ( la) ,  or a t  
the ' immonium carbon ', releasing a carboxylate anion; 

0- H 

formamide were removed by stirring with solid potassium 
hydroxide, and the decanted solvent driecl either by azeo- 
troping with benzene before distillation or by distillation 
from calcium hydride. Acid chlorides were prepared by 
standard methods from the acid and thionyl chloride 24 or 
from the acid and osalyl chloride; 15 acid bromides were 
prepared by the latter method from oxalyl bromide. 
Dodecyl chloride 26 and dodecyl broniitle 27 were prepared 
from dodecan- 1-01 by treatment with phosphorus(r1I) 
chloride or bromide. Dodecyl iodide was prepared by 
reacting the bromide with NaI in acetone. 

After all the reductions, aldehjde was estimated by 

I I +  
I 
H 

R-C-O-C=NMe2CL- --.-.p RCHO -t HCONMe, C CL- 

(1 1 - 1 1  I 4  

O H  
II I + RCOX 

RC-0-C-NMe2 f CI- ---I RC02- + H2C=NMe2CI- --+ (RCOlzO + X- 
i --G H 

HCONMeZ 

RCOCI --, RC-O-C=NMe2C1 

reaction of the carboxylate anion with acyl halide or 
acyl-I)MF complex would yield the anhydride (lb).  

In equation (l), the nature of  the hydride species is 
not specified. On preparation of the tetrahydroborate 
reducing solution from CdC1,*1 .SDMF and NaBH,, no 
precipitate of NaCl was observed, suggesting that a 
complex anion had been formed. Similar behaviour has 
been reported for the metathetical reaction of NaBH, 
and AlCl, in which, again, no NaCl precipitated.20 The 
i.r. spectrum of NaBI-I, in DMF showed a strong ab- 
sorption at 2 230 cni-l, characteristic of ionic tetrahydro- 
borates. Addition of CdC1, caused this band to dis- 
appear and two new, weaker bands at 2 100 and 2 400 
cm to appear. These bands correspond closely with 
published data for covalent tetrahydroborates 21 and, 
along with the lack of a precipitate of NaC1, suggest the 
formation of a complex salt such as Na[CdCl(BH,),] or 
Na,[ CdCl,(BH,),] as the reductant, rather than 
CdlBH,],. When a large excess of diethyl ether or 
carbon tetrachloride was added to  the reducing agent 
prepared in acetonitrile, a white precipitate appeared. 
However, this precipitate was not NaCl and contained 
much of the hydride reducing power. 

The above work indicates that the selectivity of tlie 
cadmium-modified reducing agent is based on two factors. 
Firstly, tlie tetrahydroborate is much less active than 
sodium tetrahydroborate (it does not reduce aldehydes 
significantly) and secondly, the acyl-DMF complex is 
much more reactive than acyl halide alone. The two 
factci-s together give a reducing agent capable of pro- 
ducing aldehydes only from acyl halides and incapable 
of reducing other functional groups. 

EXPERIMENTAL 

Anliydrous metal chlorides were obtained by refluxing 
the liydrated salt with acetyl chloride.22 Cadmium chloride 
(CdC12.2.5H,0) was crystallized from tlimetl~ylformamide 
to give CdC:I,*l .5DMF.23 Acidic impiirities in dimetliyl- 

precipitation as tlie 2,4-diiiitroplienylllydrnzune or from the 
C H O  resonance in the n.in.r. spectrum compared with 
C,H, and CH,OH resonances. The 2,4-(linitrophenyl- 
hydrazones were recrystallized and consistently indicated 
5-10% lower yields than did the n.1ii.r. spectra of  tlie total 
crude reaction product before reaction with 2,4-dinitro- 
phenylhydrazine; the yields reported in the Table are tlie 
lower values based on tlie crystallized 2,4-dinitrophenyl- 
hydrazones. 

Reductions with Tetraliydroborntes produced wzetcctheticnlly 
and used in situ.-(a) With coppey(II)  chloride. Sodium 
tetrahydroborate (50 mg; 1.3 mmol) was dissolved in 
cliniethylformaniide (10 nil) and cooled t o  cn. - 10 "C.  
Anhydrous copper(I1) chloride (100 nig; 0.75 inmol) in 
DNIF (6 ml) was added to the tetraliydroborate with 
stirring. Slight effervescence was noted and a brown colour 
developed. After 10 min, benzoyl chloride (100 mg; 0.7 
mniol) in DhW (2  1111) was added and, after 3 niin, a large 
excess of water. The subsequent black precipitate 
was dissolved in dilute HC1 and extracted with ether 
to afford benzaldehyde, precipitated as its 2,4-clinitro- 
plienylhydrazone (46% yield). Henzoic acid (20 nig; 20:(,) 
was recovered from sodium hydrogencarbonate washings of 
the original ether extract. The balance of material was 
benzoic anhydride (lH 1i.iii.r. and very characteristic i.r.).  

When the above experiment was repeated in hexamethyl- 
phosphoramide or dimethylacetainide as solvent, increased 
yields of benzaldehyde were found but also considerable 
over-reduction to  benzyl alcohol. 

(b) W i t h  coppev(xr) chloride nnd co-ovdivnfing hgnnds. 
The above reduction (a) in tlic presence of 2-3 nimol 
proportion 01 either trietliylaniine, trietliyl pliosphite, or 
triplienylphospliine afiorded respectively 30, 40--50, and 
63% yields of benzaltlehyde. 

(c) W i t h  copper(1) chloride. The procedure was as in  (a) 
giving a 63% yield of benzaldehyde at - 5  OC; the balance 
of material was mostly benzyl alcohol ant1 benzoic an- 
hydride. 

(d) W i t h  copper(1) cliloride without DMF.  Repetition of 
reaction (c) in acetonitrile without DMF gave back benzoyl 
chloride at - 5  OC but, a t  60 "C for 5 min, tlie benzoyl 
chloride was reduced completely to benzyl alcohol. 
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(e) W i t h  copper(1) chloride and a co-solvent. To the 

reducing agent prepared as in (c) was added diethyl ether 
(or tetrahydrofuran or carbon tetrachloride; 30 ml ) .  lie- 
action with benzoyl chloride gave yields of benzaldehyde 
similar t o  those obtained without co-solvent. 

(f) With CdC12.1.5DMF. To a solution of sodiuiii tetra- 
liydroborate (76 nig; 2 mmol) in acetonitrile ( 1 0  ml) 
and hexarriethylphosphoraniide (0.5 ml) was added 
CdCl,* 1.5DMF (365 mg ; 1.25 mmol) and the mixture stirred 
for 5 niin a t  -5 "C. To the slightly opaque solution was 
added benzoyl chloride (280 mg; 2 mmol) rapidly with 
stirring. After 5 min, dilute HC1 was added slowly 
(effervescence) 2nd the reaction product extracted with 
diethyl ether t o  yield benzaltlehycle (76%). From duplicate 
esperirnents, l1-I n.ni.r. spectroscopy intlicated a yield of 
80-907{, with the residual material being benzyl alcohol. 
Many of tlie aldehydes reported in the Table were obtained 
in this way. 

Use of liesametlig~lphosphoraniide could be obviated by 
use of tliglynie as co-solvent, or by use of an excess uf DMF. 
For example, to  a stirred suspension of CdCI, (4.64 g; 25 
mmol) in acetonitrile (25  nil) was adtlecl a solution of 
EaNH, (0.76 g ;  20 nimol) in 1')MF ( T i  nil) and acetonitrile 
(40 nil) a t  0 to  - 5 "C over a period of 10 min; stirring was 
continued for a further 10 min. The solution was cooled 
to CG. -30  "C and a solution of ethyl cis-2-clilorocarbonyl- 
cyclopropanecarboxylate (3.53 g; 20 nimol) in acetonitrile 
(25  nil) was added over a period of 15 min, and then stirred 
for a further 10 min to give ethyl cis-fl-formylcyclopropane- 
csrboxylsie (SO?, yield as its 2,4-dinitrophenylliydrazone). 

To a stirred suspension of ZnC1, (3 .4  g) 
in acetonitrile (25 ml) at 0 "C was added NaBH, (760 nig) 
dissolved in a mixture of  D M F  (5 ml) and acetonitrile 
( 4 0  nil). After 10 min, the solution was cooled to  --35 "C 
and benzoyl chloride (2.81 g) in acetonitrile was added over 
a period of 15 min. Stirring was continued for 1 0  niin antl 
the reaction mixture was worked up as in ( f )  t o  give a 40%) 
yield of benzaldehyde. 

Reduction with fire-prepared Zn[BH,],.-An ether solution 
containing Zn[BH,], ( 0 . 1 3  mniol ni1-I) was prepared.'" As 
addition of DMI; to this solution caused a fine white pre- 
cipitate to appear and the resulting solution did not reduce 
benzoyl chloride, an equal volunie of acetonitrile was added 
to any volume of the ethereal Zn[BH,], and the ether 
removed on a rotary evaporator a t  5--10 "C to give a clear 
solution. This solution (7.7 nil; 1 nimol) was cooled to 
-5 "C and DMF (150 mg; 2 mmol) was aclcled with stirring. 
Benzoyl chloride (280 mg; 2 nimol) in diethyl ether (2-3 
ml) was added and the mixture was stirred at 0 "C for 
20 niin t o  give a 53% yield of benzaldeliyde; most of the 
remaining product was benzoic anhydride. 

Reduction of Acyl Bromides.-This was performed as i n  
procedure (f)  above. 

Reductiwz of A Zkyl IIaZides.-NaUH, ( 1 miiiol) and 
CtlCl2*1.5DMF (0 .51  nimol) were stirred in acetonitrile 
(c; ml) and diglyiiie (0.5 ml) at -5 "C. To the slightly 
opaque solution was added n-doclecyl chloride ( 1  mniol) in 
acetanitrile (3  ml) and the mixture stirred for 5 niin at 
- 5  "C. Addition of dilute HCl and extraction with diethyl 
ether gave back all tlie dodecyl chloride. Similarly, no 
reaction was observed with n-dodecyl bromide, n-dodecyl 
iodide, antl benzyl chloride. 

(g) With ZnC1,. 
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