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search. The 470-MHz NMR data were obtained through 
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Table I. Yield of Diacyl Product from the Reaction of 
1,2-Ethanediamine (EDA) or l,4-Butanediamine (BDA) (10 

mmol) with Various Acylating Agents (2 mmol)” 
diacyl product formed,* 

mmol 
diamine RCOX “standard”c “hip.h-dilution”d 
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Diamines are often used as spacer elements between two 
dissimilar carboxylic acid components for the synthesis of 
biologically active agents, such as interconnecting two 
receptor pharmacophores to form unsymmetrical “bivalent 
ligands”,l interconnecting a pharmacophore with an al- 
kylating or photolabile group to form affinity labels,2 or 
in the synthesis of unsymmetrically substituted poly- 
a m i n e ~ . ~ ~  These syntheses require a strategy which de- 
pends upon the selective monoacylation of one end of the 
diamine. A 1:l stoichiometry of diamine and acylating 
agent corresponds to the statistical prediction of 50% yield 
of the desired monoamide (with 25% yield of both diamide 
and unreacted diamine), which is synthetically acceptable 
only if these three materials are easily separated and the 
acylating component is expendable. On the other hand, 
the utilization of excess diamine should greatly increase 
the yield of monoamide based on acylating agent. In cases 
where the diamine is volatile (e.g., ethylenediamine) or 
otherwise easily separable, high isolated yields of mono- 
acylated diamine should be readily obtained through this 
approach. It is thus surprising to note the many examples 
in the literature wherein it is reported that the employment 
of excess diamine (sometimes as the solvent) yields inor- 
dinately large amounts of diacyl byproduct.6-10 Such 
findings prompted these and other investigators to utilize 
alternative strategies for obtaining the desired monoacyl 
product, often involving a time-consuming protection- 
acylation-deprotection ~ . equence~ ,~ ,~ - ’~  or de novo synthe- 
sis.13 
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EDA PhCOCl 0.99 0.22 
EDA (PhCO)zO 0.24 0.14 
EDA PhCHzCOCI 0.89 0.56 
EDA (PhCH2CO)zO 0.29 0.07 
EDA PhCH2COOSu 0.07 0.06 
BDA PhCOCl 0.79 0.35 
BDA (PhCO),O 0.27 0.09 

“Data represent the average of two to four experiments. 
bStatistically predicted yield is 0.1 mmol; maximum possible yield 
is 1.0 mmol. ‘RCOX in 5 mL of CHzCl added to diamine in 15 mL 
of CHzCl, a t  -78 “C. dRCOX in 100 mL of CHzClz added to di- 
amine in 300 mL of CHzC1, a t  -78 “C. 

Although several possible explanations for the formation 
of abnormally large amounts of diacyl material are certain 
to have been considered (e.g., intramolecular catalysis by 
the first-formed amide group or some other effect that 
makes the initial monoamide more reactive than un- 
acylated diamine), the invariance of the observed “diacyl 
effect” with structure of the diaminesI0 suggests that the 
only rational explanation is that of a mixing problem. That 
the limitations of mixing could contribute to the produc- 
tion of difunctionalized diamine in much higher than 
statistical yield was pointed out many years ago for the 
reaction of diamines with isocyanates and isothiocyanates? 
wherein it was shown that the more reactive (former) 
reagent gave more diacyl product than did the less reactive 
(latter) reagent. Unfortunately, most organic chemists are 
unaware of this study and probably believe that a slow 
dropwise addition of a reasonably dilute solution of an acid 
chloride to a well-stirred solution of diamine at  low tem- 
perature (e.g., -78 “C) results in a more-or-less complete 
dispersion of reactants (at a molecular level) prior to re- 
action. Once one recognizes that this might not be the 
case, it is easy to modify reaction conditions to reduce the 
formation of diacyl material to the statistical limit. 

We carried out a simple study comparing the product 
distribution of a monoacylation experiment as a function 
of (1) the reactivity of the acylating agent and (2) the 
concentration of reactants, independently, for two repre- 
sentative amines, 1,2-ethanediamine (EDA) and 1,4-bu- 
tanediamine (BDA). Our findings confirm that  a typical 
acylation protocol using a n  acid chloride results in pre-  
dominant ly  diacyl product even though the  diamine is 
present  in fivefold excess. O n  the  other  hand ,  the  com- 
bination of increasing reactant dilution and decreasing 
reactivity of t he  acylating agent results i n  a statistical 
product  distribution. 

Results 
Table I lists the results of adding the aryl acylating 

agents benzoyl chloride or benzoic anhydride to a fivefold 
excess of either 1,Qethanediamine or l,Cbutanediamine, 
under either “standard or “high-dilution” conditions (see 
Experimental Section), in CH2C12 with rapid stirring at -78 
“C. In the case of EDA, results were also obtained by using 
three aliphatic acylating agents, including a N-hydroxy- 
succinimide (HOSu) “active ester” commonly used in 
peptide chemistry. The 1:5 stoichiometry corresponds to 
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Table 11. Second-Order Rates for Amine Acylation by 4-Nitrophenyl Acetate" 
102k, M-' s-l 

amine 
n = 2  n = 3  n = 4  

20 OC 32 OC 20 OC 32 "C 20 "C 32 OC 
H 2 N ( C H M W C  0.61 1.5 3.6 4.5 4.3 6.7 
CHsCONH(CH2),NH2 0.22 0.42 0.27 0.54 0.29 0.67 
(CH3)2N(CWnNH2 0.71 2.7 4.5 12. 8.2 18. 

" [AmineIo = 0.0083 M, [CH3COOC6H4N02]o = 0.0017 M; 0.0083 M Et3N present as auxiliary base; CH2C12 solvent. Calculated from the 
SDectroDhotometricah determined (at 422 nm. c = 1500) half-life. Each value listed represents the average of two or three experiments. 
'No dia'cylation was detected under 'these conditions. 

a statistical prediction of 1.8 mmol (90%) of monoacyl 
product and 0.1 m o l  of diacyl product, based on 2.0 mmol 
of acylating reagent. I t  was most convenient to measure 
the yield of diacyl product, and the values given in columns 
1 and 2 can be compared with the 0.1-mmol statistical yield 
and the 1.0-mmol maximum possible yield (if diacylation 
occurs to the complete exclusion of monoacylation). It can 
be seen that in a few cases, the yield of diacyl product was 
less than 0.1 mmol, indicating a better-than-statistical 
production of monoacyl product, suggesting that the sec- 
ond acylation is actually slower, not faster, than the first. 
We independently determined the yield of monoacyl 
product in key experiments to confirm that our measured 
yields of diacyl material could be directly converted into 
yields of monoacyl product (viz., that simple hydrolysis 
of acylating agent did not occur). 

In order to address the possibility that electronic and/or 
steric effects, or intramolecular catalysis, could contribute 
to nonstatistical yields of diacyl product, we conducted a 
brief kinetic study of the reaction of 4-nitrophenyl acetate 
with primary diamines of two-, three-, and four-carbon 
spacing, as well as with the corresponding N-monoacetyl 
and N,N-dimethyl derivatives. The second-order rate 
constants, calculated from the spectrophotometrically 
determined half-lives, are listed in Table 11. It can be seen 
that the three monoacetyl compounds react a t  similar 
rates, independent of the spacing between the two nitro- 
gens. These rates are 3 times slower than those of the 
parent diamine in the case of two-carbon spacing, and 
10-15 times slower in the case of three- and four-carbon 
spacing. Since statistics would predict a twofold rate 
difference, our results indicate that the intrinsic reactivity 
of the amino group is greater for the diamines relative to 
the monoacyl derivatives in the case of three- and four- 
carbon spacing. The rates for the N,N-dimethyl deriva- 
tives can all be seen to be somewhat faster than for the 
parent diamines, though statistics would again predict a 
twofold rate decrease. 

Discussion 
The results presented above confirm those obtained by 

others insofar that a typical acylation procedure using an 
acid chloride (dropwise addition at  -78 O C ,  final concen- 
trations of 0.5 and 0.1 M for diamine and acid chloride, 
respectively) gives diacyl product nearly exclusively, even 
though the diamine is present in fivefold excess over the 
acylating agent. Our data show that the statistically 
predicted yields are realized by using a less reactive acy- 
lating agent (e.g., anhydride) under high-dilution condi- 
tions. This is true regardless of whether aryl or alkyl 
acylating agents are used. The only reasonable explanation 
for the acid chloride results is that reaction is so rapid that 
the initial monoamide product molecule formed at  the 
interface between the drop of acid chloride solution and 
the diamine solution is acylated a second time at  this 
interface before mixing can ensure effective dispersion at  
the molecular level. Once the mixing problem is effectively 

eliminated, a high yield of monoacyl product based on 
acylating agent can be obtained when the diamine is em- 
ployed in large excess. In this regard, optimum results 
should be obtained by minimizing the concentration of the 
acylating agent solution being added, and maximizing the 
concentration of the diamine solution, though in practice, 
adding a large volume of solvent to a small volume of 
solvent will have the desired effect only during the initial 
stages of the reaction unless special techniques are em- 
ployed (e.g., continuous evaporation) to maintain the small 
volume of solvent in the reaction pot. 

The kinetic experiments described in Table I1 (see Re- 
sults) confirm that the observation of unexpectedly large 
amounts of diacyl product is not due to intramolecular 
catalysis at the N-monoacyl stage. In fact, for three- and 
four-carbon (but not two-carbon) spacing, the reactivity 
of the N-monoacetyl compound relative to that of the 
parent diamine is substantially less than the 0.5-fold sta- 
tistical prediction. The constancy of the rate for all the 
N-monoacetyl compounds suggests to us that these de- 
rivatives are exhibiting normal reactivity and that the 
reactivity of the parent C3 and C4 diamines is enhanced 
due to intramolecular general base catalysis. This inter- 
epretation is supported by a previous report by Bruice and 
Willis,14 who found that the reactivity of 1,3-propanedi- 
amine and 1,4-butanediamine but not 1,2-ethanediamine 
in water toward phenyl acetate exhibited a substantial 
positive deviation from a Brernsted plot constructed for 
simple monoamines and attributed this to intramolecular 
general base catalysis. Our finding that the N,N-dimethyl 
derivatives are acylated faster than are the parent diamines 
suggests that the proposed intramolecular general base 
catalysis by the "second" amino group is enhanced by 
N,N-dimethylation, as would be expected. In conclusion, 
the kinetic data suggest that better-than-statistical yields 
of monoacyl product may be obtained in some cases, once 
the mixing problem is eliminated. 

Several procedures exist for obtaining high yields of 
monoacylation in special situations. For example, using 
ethylenediamine or other diamines with short hydrocarbon 
chains, one can take advantage of the differential pK, 
e f f e ~ t : ~ , ~ J ~  viz., if the acylation is run at  a controlled pH 
which maintains the availability of 1 mol equiv of protons 
throughout the reaction, then acylation will proceed as in 
eq 1 and diacylation will be minimized due to the unfa- 
vorability of the equilibrium shown in eq 2 for short chains. 
This strategy will obviously not work for longer chain 

H ~ N - N H ~ +  + RCX - RCNH-NH~+ (+Hx)  (1 )  
I I  
0 

I I  
0 

0 0 
II + +  / I  

H2N-NHc + RCNH-NH: .+ HsN-NH, + RCNH-NH, ( 2 )  
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Schneider, F.; Bernauer, K.  Helu. Chim. Acta 1976,59, 3013. 
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 diamine^,^ where the first and second pK,’s are similar. 
Dynamic protection of diamines using 1 equiv of 18- 
crown-6 appears to be subject to similar limitations.16 

Also, one can sometimes find a solvent such that the 
desired monoamide precipitates from solution as it is 
formed (thereby taking it out of competition for acylating 
agent), though the aggregation-precipitation event is 
usually too slow to prevent manifestation of the mixing 
problem. Since it is almost always possible to modify the 
acylating moiety of the needed carboxylic acid component 
at  will, we see no reason why the combined strategy of low 
reactivity, high dilution, low temperature, and excess di- 
amine cannot be generally employed for the synthesis of 
mohoacylated diamines. Even in cases where the low 
volatility of diamine makes the separation of the desired 
monoamide product from unreacted diamine nontrivial, 
one can usually work out conditions employing selective 
extraction and/or chromatographic procedures. 

An analogous strategy to that discussed above should 
be applicable to the selective monosulfonylation and mo- 
noalkylation of diamines. 

Experimental Section 
All reagents were used as obtained from commercial sources 

(ACS or AR grade), with the exception of phenylacetic anhydrideL7 
and N-(pheny1acetoxy)succinimide (PhCH2COOSu),L8 which were 
prepared as described. All diamines except 4-(dimethyl- 
amino)butylamine (Pfaltz & Bauer) were purchased from Aldrich 
Chemical Co., were of the highest quality obtainable (generally 
99+% “Gold Label”), and were stored over NaOH pellets for 24 
h before use. The N-monoacetyl derivatives of 1,3-propanediamine 
and l&butanediamine were synthesized from the parent diamines 
by using AczO in water containing NaOAc according to the 
published p r 0 ~ e d u r e . l ~  N-Acetylethylenediamine and 4-nitro- 
phenyl acetate were from Aldrich. Reactions were qualitatively 
monitored by TLC on silica gel plates using MeOH-EtOAc- 
NHIOH (5050:l) as eluant, with visualization by UV or ninhydrin. 
In this system, monoacyl product, diacyl product, and unreacted 
diamine had R,’s of about 0.4-0.5, 0.8-0.9, and 0, respectively. 
NMR spectra were recorded on Varian EM-360 and XL-200 
instruments in Me,SO-d,. The reaction conditions for the kinetic 
experiments are given in Table 11. Second-order plots constructed 
for representative kinetic runs, in order to ensure the accuracy 
of the rate constant calculated from measured t l j z  values, were 
found to be linear to >75% reaction. It was found necessary to 
make up  fresh CHZC12 solutions of the diamines prior t o  each 
kinetic run, in order to obtain reproducible rates. 

“Standard” Acylation Procedure. RCOCl(2 mmol) diluted 
in 5 mL of CHZC12 was added dropwise over 30 min to a vigorously 
stirred solution of 1,2-ethanediamine or 1,4-butanediamine (10 
mmol) in 15 mL of CH,Cl, a t  -78 “C (dry ice, 2-propanol). Upon 
completion of the addition, the reaction mixture was allowed to 
come to room temperature with stirring overnight and extracted 
with two 30-mL portions of 5% aqueous HCl. TLC indicated that 
this extraction procedure removed all unreacted diamine and 
monoacyl product and that no hydrolysis occurred in the case 
of RCOC1. The organic layer was taken to dryness, an accurately 
weighed amount (20-30 mg) of hexamethylbenzene (HMB) and 
MezSO-d6 were added, and the ‘H NMR spectrum was recorded. 
The  yield of diacyl product was calculated from the relative 
integration of sample peaks and the HMB singlet. In some cases, 
the acidic aqueous layer was basified with NH40H and thoroughly 
extracted with CH,Cl,, and the organic layer was evaporated and 
analyzed by ‘H NMR as above in order to calculate the yield of 
monoacyl product. 

For reactions involving (RCO)zO rather than RCOCl, the or- 
ganic layer left after extraction with 5% aqueous HC1 was ex- 
tracted with saturated aqueous NaHC03 (to remove RCOOH) 
before processing as above. 
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Commun. 1980, 300. 
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“High-Dilution” Acylation Procedure. This was the same 
as above, except that  the acylating agent in 100 mL of CHzClz 
(20 times the volume used above) was added to the diamine in 
300 mL of CH,Cl, with vigorous stirring over 30 min. 
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The reductive cleavage of acetals and ketals to ethers 
is a synthetically useful method in asymmetric synthesis’ 
and protective chemistry.2 Until recently, a number of 
methods have been developed for this transformation in- 
volving various reagents such as LiA1H4-Lewis acids,3 
Me3SiH-Me3SiOTf,4 Et3SiH-acidsp diisobutylaluminum 
hydride: B2H6,7 BH2C1,B NaBH3CN-HC1,S NaBH4-CF3C- 
OOH,1° Li/NH3,I1 and H2 over catalysts.12 

In a continuation of our study to develop the reducing 
ability of Zn(BH4)2,13 we have found that the use of this 
reagent with Me,SiCl is very effective in the reductive 
cleavage of a wide variety of acetals and ketals under mild 
conditions. Thus, the treatment of acetals or ketals with 
0.5 equiv of ZII(BH,)~ in the presence of 1.2 equiv of 
Me3SiC1 leads to the formation of the ethers in excellent 
to good yields (Table I). 
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