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Analysis of mass-spectra of various 2, 5-diketopiperazines gives the basic fragmentation rules for their 
molecular ions, and the effects of nature and positions of substituents on the process. 

As was previously shown [1, 2], one of the modes of fragmentation of cyclodepsipeptide ions under mass-spectro- 
metric conditions is formation of ions of 3, 6-dialkyl-2, 5-diketomorpholines (morpholine mode of fragmentation). In 
this connection, investigation of model 8, 6-dialkyl-2, 5-diketomorpholines [3] made it possible to identify uniquely, 
fragments of morpholine origin in mass-spectra of cyclodepsipeptides of various ring size [1, 2, 4]. In mass-spectrometer 
study of some cyctohexadepsipeptides of non-regular structure [2], not only were there fragments corresponding to 
splitting of ions of the appropriate 2, 5-diketomorpholines, but also fragments which might be ascribed to formation and 
subsequent splitting of ions of 3, 6-dialkyl-2,5-diketopiperazines. 
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To establish the nature of these fragments, systematic study 
of the mass-spectra of a number of 3, 6-dialkyl-2, 5-diketopiper- 
azines was undertaken. The literature contains only brief ref- 
erences to the fragmentation of the simplest 2, 5-diketopiperazines, 
in connection with mass-spectrometer researches on linear dipep- 
tides [5] and their acetyl derivatives [6]. 

The present work considers the mode of fragmentation of 2, 5- 
diketopiperazines (I and II), built up from amino acid residues of 
the L series (Table 1). 
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R2 

Our results show that fragmentation of diketopiperazines taking 
place under electron impact, depends substantially on the natures 
of substituents R I and R 3, but is practically independent of the 
presence of substituents a t the  nitrogen atoms. Basically, two ways 
of splitting can be observed: The first is accompanied by splitting 

of the heterocyclic ring (mode A), and the second begins with splitting off of a substituent from a ring carbon atom in 
the form of an olefin (mode B ), or as a radical (mode B '). 

Mode A predominates with 2, 5-diketopiperazines completely lacking in substituents at carbon atoms (Ia), or con- 
taining C-methyl groups (Ib). It is accompanied by elimination of HN=C= O or CHsN= C=O as ions, (~t, 9 ' t )  or 
neutral particles.***: In the latter case, linear ion-radicals (~3, ~'3) are formed, further scission of which gives rise to 
ketene (~4, 4 '4) or amine (95, ~'s) fragments (see Chart 1 and Table 2). 

The second mode of decomposition of a molecular ion Ia, b is elimination of a CO group. In the case of compound 
Ia, the resultant 5-membered ring cyclic ion radical (92) can vary in structure, depending on whether the CO group is 
eliminated from position 2 or from position 5. However, the contribution of this mode of fragmentation to the mass- 
spectra of compounds Ia and Ib is small. This mode of fragmentation does not obtain in the mass spectra of the rest of 

*Mass-spectrometry Laboratory of the Institute of the Chemistry of Natural Compounds. 
**Antibiotics Chemistry Laboratory of the Institute of the Chemistry of Natural Compounds. 

***This type of fragmentation of diketopiperazines is analogous to the COX type fragmentation of cyclodepsipeptides 
which we previously described [2]. 
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the diketopiperazines which we have investigated, except for Id, Ie, and IIa, where th @2 ion peak is of low intensity 
(see Table 9). 
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§ 
Ir~n=c=o] 
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The character of the fragmentation of the molecular ion is sharply altered by introducing more complex substitu- 
ents into the 2, 5-diketopiperazine molecuIe. Although all the compounds which we have studied show mass spectrum 
peaks due to fragments due to mode A, their intensities are small, and, in many cases, they are resolvable (see Tables 
2 and 3). 
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With the aliphatic substituents ( i -CsH~,  i-C4H~), mode B splitting (Chart 2) predominates. Olefin splits off, and 
an ion-radical  of enol-ketone structure (47, q~'7) is formed through elimination of R 1 or R s with simultaneous migration 
of a hydrogen atom from the carbon atom of a side chain to oxygen of a carbonyl group. 

R R 

R~N\/~O I I [  +.I J ~--\ Ra'x]z_N.~/~ 

M + 4~ 7 

+ CH~CH=CH 2 

The difference between the mass spectrum of Id, starting with the ion peak ( M - 4 2 )  § and that of the mass spec- 
trum of Ic, with a diketone structure (Fig. 1), is indication of enol structure of fragments @7, @'7(in the case of the 

diketo structure of fragment @7, these spectra should have 
been similar). A demonstration of the  correctness of the split- 

,o0~. ring mechanism put forward is displacement, by 2 and 7 mass 
1t4  

units, respectively, of the peaks of the @e and ~7 ions in the 
spectrum of the dodecadeutero analog (Id ') .  Another confir- 

l ' c  marion was obtained in the case of compound Ij, where ~7 
~s is formed by splitting off of CH~O, with migration of the hy-  

1~~ ~,I ~17 ,L,72 Jl 1~3 1/~s6 M + drogen atom of the hydroxyl group ( also at the B position of 
/ ,~l the side chain) to the oxygen of a carbonyl group. In this 

156 
case, determination of the mass spectrum of the deutero 

~13 analog I j '  showed that the mass number of the fragment ~ 
Id z2 is displaced by 4 mass units, like the molecular ion too. 

[ 1:7 In the case of the mono-substituted diketopiperazine Ic, 
44 85 99 155 120 198M ~ 
.,I.,L ~ ~J ,~ . . . . . . . . .  further splitting of fragment @7 is accompanied by ejection 
so ~00 ~s0 zoo of the HCO group 410, and then of the group CO ~ n  �9 With 

substituted diketopiperazines containing various alkyl groups 
Fig. 1. Mass-spectra of 3-isopropyl-2, 5-diketo-  (Ie,  Ig, Ih) isobutene is primarily eliminated, which is indi- 
piperazine (Ic) ,  and 3, 6-difsopropyl-2, 5-diketo-  cated by the considerably greater intensity of fragment 4'~ as 

piperazine(Id),  compared with fragment 47(see Table 3). Obviously, this is 
due to the greater reactivity of the tertiary ~ hydrogen atom 

in the isobutene residue as compared with the primary ~ hydrogen atom in the isopropyl residue. 

Apart from the mode describedabove,~7 -'~@10 -~qsl! 
( and correspondingly @'7 - "  @ '10 ~ ~ ' n ) ,  further splitting of 
the disubstituted diketopiperazines I d - e ,  is accompanied by 
splitting off of the second substituent either as olefin, by the 
mechanism described above (formation of fragment @6) 
with subsequent loss of the group @8, or as the radical 
~9 followed by loss of CO 48 (see Chart 2). Ejection of 
the HCO group by 46 and 4~ fragments was confirmed 
by the spectrum of the deutero analog Id '  (ejection of 30 
mass units instead of 29). 

Further fragmentation of the ton radical 4~ proceeds 
in a basically similar manner.  ~7 arises through splitting off 
of the CHgO group from the molecular ion Ij. However, 
here there is an additional mode,  comprising loss of a mole -  
cule of water by the ion-radical 4~ ,  to give a fragment 
with m/e  126 (relative intensity 27%), also followed by loss 
of a CHO group(fragment with m / e  97). 
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Fig. 2. Mass-spectra of 3, 4- tr imethylene-2,  5-di -  
ketopiperazlne (IIa) and its 1 -deutero analog ( I Ia ' ) .  
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The correctness of the envisaged mode of decomposition of the molecular ion Ij was confirmed by determining the mass 
spectrum of its deutero analog I j ' .  

Less characteristic is elimination by the molecular ion of 2, 5-diketopiperazines, containing aliphatic substituents, 
of a side chain as a radical (mode B', Chart 3), to give the ions 91~, r  Generally, the contribution of these frag- 
ments to the mass-spectra of the compounds enumerated is small, and the peaks due to them are apparently compound. 

Chart 3 
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However, this mode of decomposition becomes absolutely predominant when the 2, 5-dikeropiperazine contains 
even one benzyl substituent. Then, as a rule, the maximum peak corresponds to the tropylium ion (#12, m / e  91), but 
peaks 913, 9'13 usually have considerable intensity. Further decomposition of the ions 913, 9'13 is accompanied by 
subsequent ejection of the CO group, with formation of fragments 910, 9'10 and ~11, 9'11 (Chart 3). 

The modes of fragmentation of 2, 5-diketopiperazines shown in Charts 1-3 were confirmed by investigating the 
mass-spectra of a number of deutero analogs (Id ' ,  Ie ' ,  Ig ' ,  I j ' ) .  

Fragments having m/e  44 (or correspondingly 58) present in the mass spectra of almost all the type I compounds 
t + 

studied, evidently have a structure H2N=C= O (or CHgNH= C =O).  These ions can be formed by various routes, so the 
latter are now shown in Charts 1-3.  

Basically, fragmentation of diketopiperazines containing proline units ( I Ia-c)  proceeds analogously to those de- 
scribed above (of.  Tables 2 and 3). One-stage ejection of the neutral particle HNCO and formation of fragment 9 '  3 
are confirmed by the mass spectrum of IIa having a metastable peak m / e  80.3 (calculated 80.1). However, the 
presence of a bicyclic system in I Ia-c  also superimposes some specific peculiarities on their mode of fragmentation. 
Thus, in addition to the fragment 91, the mass-spectra of IIa, b have a m / e  98 (914) ion peak. 

N--C==O 
014, 

Its formation from a molecular ion in one stage by homolytic breaking of C~-C 3 and C5-C6 bonds, followed by migra- 
tion of a hydrogen atom from the N 1 atom to C 3 in the piperazine ring, is confirmed by the mass-spectrum of IIa having 
a metastable peak m / e  62.2 (calculated 62.3). The structure of the 914 ion is also confirmed by displacement by 
1 mass unit of the fragment peak m/e  98 on switching to the deutero analog I I a ' ( s ee  Fig. 2). 

The spectrum of Ia shows an intense peak m / e  83, ascribed [5] to the cyclic structure 
+ 

4'/3 



The absence of shift of this peak in the mass spectrum of the deutero analog I Ia ' ,  indicates that this fragment 

does not contain the NH group (see Fig.  2). For that reason, we assume that it is l inear,  and that its formation can be 

explained by e l iminat ion  of a molecule  of pyrrolidine from the molecular  ion: 

-[-o Io  ~ Oo 
The mass spectrum of IIb has an analogous fragment m / e  139, though its intensity is negl ig ib le .  

As in the case of type I compounds, the presence of an a l iphat ic  substituent at position 5 in type II molecules  con-  
ditions decomposit ion of the molecular  ion by mode B, while introduction of a benzyl  group brings about mode B' (see 

Table  8). Furthermore, the mass-spectra  of I . Ia-c  have a m / e  69 fragment which is not displaced in the spectra of t h e  
deutero analogs, when it can be ascribed a Al-pyrrol ine  structure. 

As can be  seen from what has been said, analysis of the mass-spectra  of the various diketopiperazines made it 
possible to establish basic rules regarding fragmentat ion from molecular  ions and to eIucidate  the effects of nature and 
position of substituents on this process, thus making i t  possible to obtain sufficiently comple te  information regarding 
the structures of amino acid units from which diketopiperazine  molecules are buil t  up. 

Experimental  

Synthesis of the Deutero-Analogs 

Ie._~'. Prepared s imi lar ly  to Ig [7], starting from the Me ester of hexadeuteroval ine ,  which was in its turn synthesiz-  

ed from hexadeuteroisopropyl bromide and N-ace ty laminomalon ic  ester [8]. 

I g ' .  0.05 g Ig was dissolved in 0.5 ml AcOD (97%0 enriched),  heated for 25 hr at 50" C, vacuum-evapora ted  to 

dryness, and the operation repeated twice more.  IR spectrum data showed that the deuterium content of the Ig '  was 82%. 

I e ' ,  I Ia ' ,  I I c ' .  0.03 g Ie and 0.2  ml EtOD were heated together in a sealed tube for 7 hr at 90" C, the products 

vacuum-evapora ted  to dryness and the operation repeated twice  m o r e .  The enrichment in deuterium reached 80%. I I a '  
and IIc '  were prepared s imi lar ly .  

I j ' .  0.05 g Ij in 1 ml D20 was heated for 10 hr at 90 ~ C and pH 7, the products vacuum-evapora ted  to dryness, 
and the operation repeated twice more; the I j '  was 78% deuter ium-enr iched .  

Mass spectra were determined with a MKh-1303 series instrument, using a feed system at 200-240 ~ C, ionizing 

vol tage 25-30  electron volts, ( I a - I i ,  I I a - c ,  I Ia ' ) ,  or by the same instrument with direct  introduction of the sample into 
the ion source, at 125 ~ C and 60-70 eV (Ie,  IIc),  or 190 ~ C and 30 eV (Ij,  I j ' ) .  To reduce reverse deuterium exchange,  

the instrument was first washed out with D20, then the deuterium analog taken.  
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