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ABSTRACT

This mini-review is concerned with the characterisation of synthetic and natural product pharmaceuticals by functional group analysis using Electrospray Ionisation-Ion trap Mass Spectrometry (ESI-MSn). Studies of the ESI-MSn behaviour of selected synthetic and natural product pharmaceuticals of low molecular mass have shown certain characteristic fragmentations in that functional groups are generally cleaved from ring systems either as even electron inorganic or organic molecules such as H2O, CO, CO2, alcohols, carboxylic acids or as odd electron entities such as methoxy, CH3O and methyl, CH3. This is particularly energetically favourable in the former case with the heat of formation, ΔHf0,  of the ejected neutral molecule having a relatively high negative value. Fragmentation of pharmaceuticals involving the generation of odd electron entities such as the methyl radical is structure dependent and is to a large extent correlated with the stability of the newly formed free radical ions.

The fragmentation data therefore provides useful information on the structure of these pharmaceuticals, their degradation products and metabolites. In some cases, the cleaving of functional groups can parallel the production of certain metabolites. In addition, ESI-MS n data on even and odd electron mass losses can be cross-referenced with such data obtained from unknown analytes such as bioactive molecules isolated from natural sources which can then be of value in their structural characterisation, assisting in the dereplication process.
This mini-review on functional group analysis of selected pharmaceuticals by ESI-MSn will give examples of drug characterisation following cleavage from ring systems of even electron molecules (eg., hypnotic drugs, coumarins, phloroglucinols and polyphenols) and odd electron entities (eg., the alkaloid tetrandrine). Parallels between the cleaving of functional groups as even electron mass losses and the metabolic reactions of the macrocyclic antibiotic rifapentine will also be discussed.
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1.  Functional Group Analysis using ESI-MSn
Electrospray ionisation-mass spectrometry, (ESI-MS), was introduced by Yamashita and Fenn (1984) with drugs and their related molecules such as metabolites and pharmaceutical degradation products being subjected to increasing investigation by this soft ionisation technique. The Royal Swedish Academy of Sciences awarded The Nobel Prize in Chemistry for 2002 partly to John B Fenn for his pioneering work in ESI-MS.

The ESI-MSn data of synthetic and natural product pharmaceuticals can be held in a database and mass losses / low molecular mass ions cross-referenced with such data obtained from unknown analytes such as bioactive molecules isolated from natural sources which can then be of value in their structural characterisation, assisting in the dereplication process. The reader is referred to several reviews (Smyth, 2004, 2005, 2006a) which contain tables giving such mass losses / signals at low m/z values in the mass range 15 -176. Table 1 lists even and odd electron functional groups observed in ESI-MSn fragmentation processes of selected drugs and their metabolites.
This mini-review on functional group analysis of selected pharmaceuticals by ESI-MSn will give examples of drug characterisation of hypnotic drugs, coumarins, phloroglucinols and polyphenols which show cleavage from ring systems of even electron molecules and, in the case of the alkaloid tetrandrine (TET), the loss of odd electron entities.  Parallels between the cleaving of functional groups as even electron mass losses and the metabolic reactions of the macrocyclic antibiotic rifapentine will also be discussed.
2. Even electron mass losses of functional groups from selected drugs and natural products
2.1 Selected  hypnotic drugs 
Hypnotic drugs are increasingly being detected in cases of driving under the influence of drugs and drug facilitated crimes such as robbery and sexual assault with a recent paper having discussed mass spectrometric approaches in impaired driving 
toxicology (Mauer, 2009). 
The ESI-MSn of selected  hypnotic drugs ie, zopiclone, zolpidem, flunitrazepam and their metabolites have been investigated (Smyth et al, 2004). These MSn experiments showed certain characteristic fragmentations in that functional groups were generally cleaved from the ring systems as even electron molecules such as H2O, CO, CO2, amines and HF. These molecules have relatively high negative ΔHf0 values which facilitates their liberation as even electron molecules in the fragmentation processes (Table 2 lists selected ΔHf0 values obtained from standard texts such as the American Institute of Physics Handbook ). In the case of flunitrazepam and its metabolites, H2O can be cleaved from the ring system for the 3-hydroxy metabolite (ΔHf0 = −241.8 kJ mol−1 for gaseous H2O) and CO is cleaved when the 7-membered ring becomes a 6-membered ring (ΔHf0 = −110.5 kJ mol−1 for gaseous CO). 
In the case of zolpidem, (I), (Fig 1) fragmentation initially occurred to the side chain of the cyclical π electron system as follows. Zolpidem gave a monoprotonated molecular ion at m/z 308.3 on application of ESI-MSn. Application of MS2 resulted in a main signal at m/z 263.1 and a lesser signal at 235.2. MS3 of the former signal gave two main signals at m/z 248.2 and 235.3. ESI-QTOF–MS/MS gave signals at m/z 308.1930, 263.1310, 248.1059 and 235.1338 and the resulting elemental analysis for these signals supported the following fragmentation for the ESI–MSn of zolpidem. The m/z 263.1 signal was due to the loss of the end-of-chain amine, HN(CH3)2 from the [M+H]+ ion followed by the loss of CO to account for the signal at m/z 235.2. The MS3 signal at m/z 248.2 corresponded to the loss of a methyl radical from the ring system. The loss of the end-of-chain amine, HN(CH3)2 from the [M+H]+ ion of zolpidem could be used in the characterisation of metabolites such as the carboxylic acid metabolites where the methyl groups on the ring system are oxidised. In these cases the ESI-MSn behaviour of the metabolites would show a loss of 45 Da and therefore would suggest that the metabolites do not involve structural modification of the end-of-chain functional group, -N(CH3)2.
2.2 Coumarins
Coumarin is the simplest member of the group of oxygen heterocyclics called benzo-2-pyrones. Coumarins occur naturally in plants and microorganisms and of the order of a thousand coumarin derivatives have been isolated from over 800 species of plants and microorganisms (National Toxicology programme, 1992). Extracts of plants that contain coumarins have been used to treat human aliments and several papers have been published on the biological and pharmacological properties of coumarin derivatives (Weinmann,1997, Knight et al, 1989, Ritschel et al, 1983).
Mass spectrometry has been found to be an important tool in the characterisation of natural as well as synthetic coumarins. Formerly, electron ionisation - mass spectrometry (EI-MS) (Kutney et al, 1971, Corda et al, 1998) and, more recently, ESI-MSn (Concannon et al, 2000a, 2000b, Smyth et al, 2006b) have been shown to be useful in the structural characterisation of coumarins. As an example, the proposed ESI-MSn fragmentation scheme for 7-(1’,1’ Dimethylallyloxy)coumarin (II) is given in Fig 2 and suggests initial loss of the side chain in the form of the hydrocarbon, C4H8 .

The fragmentation patterns using ESI-MSn, proposed in these earlier studies (Concannon et al, 2000a, 2000b, Smyth et al, 2006b),  have now been unequivocally established for a selection of naturally occurring and synthetic coumarins from different structural classes by virtue of accurate mass measurement of the particular product ions using ESI-QTOF–MS/MS (Smyth et al, 2011). 

It was established (Smyth et al, 2011)  that naturally occurring coumarins, unsubstituted in the heterocyclic ring and substituted in the benzene ring with chains or rings of hydrocarbons and oxygen (Fig 3), principally fragment at the side chain releasing unsaturated hydrocarbons. As shown in Fig 2, 7-(1’,1’ Dimethylallyloxy)coumarin (I1), on application of the MS/MS mode, lost C4H8  from the side chain. Imperatorin, 9-(3-methylbut-2-enoxy)furo[3,2-g]chromen-7-one, (III), lost C5H8, again from the side chain. Seselin, (IV), a naturally occurring pyranocoumarin, on application of the MS/MS mode, lost C4H6 from the pyrano ring.
This even electron mass loss of such hydrocarbon functional groups, as evidenced initially by ESI-MSn and confirmed by ESI-QTOF–MS/MS, can be used to characterise such naturally occurring coumarins which are unsubstituted in the heterocyclic ring and substituted in the benzene ring with chains or rings of hydrocarbons and oxygen (Smyth et al, 2011).
2.3 Phloroglucinols
Australian stingless bees (Tetragonula carbonaria) mix plant resins with their beeswax to produce propolis. The aim of a recent study (Massaro et al, 2014) was to identify unreported components of T. carbonaria beehive resins showing in vitro anti-bacterial effects. Phloroglucinol (1,3,5-benzenetriol) derivatives were identified in several hive-resins and dereplication was carried out using ESI-MS. These phloroglucinols are secondary metabolites widespread in microbial, marine and plant biota with the latter comprising the Eucalyptus genera widely distributed in Australia (Ghisalberti, 1996). A large body of literature has been reported on phloroglucinol compounds which have, for example, anti-inflammatory, anticancer and psychotropic bioactivities (Ghisalberti, 1996), Singh et al, 2006). The identification of such phloroglucinols offers a promising research area of therapeutic interest for extracts of T. carbonaria propolis. 
Compound V (Fig 4) was tentatively identified as an alkylated phloroglucinol. ESI-MS/MS in the negative mode yielded the deprotonated molecule at m/z 249 which fragmented to give ions at m/z values 219, 191 and 179, all of which conserve the syncarpic acid ring system and are the result of even electron mass losses of hydrocarbons from the side chain. For example, the deprotonated molecule at m/z 249 had elemental composition of C15H21O3  and the fragment at m/z 219 had elemental composition of C13H15O3 corresponding to the loss of C2H6 when subjected to ESI-QTOF-MS/MS.   
2.4 Polyphenols
Fruits, vegetables and processed products such as chocolate and red wine contain significant amounts of various phytochemicals which provide health benefits, reducing the risk of chronic diseases (Kaulmann et al, 2014). Polyphenols are one of the main classes of phytochemicals and provide health benefits via impacting cellular signalling cascades or their antioxidant properties (Palozza, 2012). As exogenous antioxidants, they take part in antioxidant defense mechanisms, preventing damaging effects of reactive oxygen species (ROS) on DNA, proteins, and lipids.

Liao et al (Liao et al, 2013) have developed ultra-performance liquid chromatography –photodiodide array –electrospray ionisation-tandem mass spectrometry  (UPLC–PDA–ESI–MS/MS) using a triple quadrupole mass spectrometer for the screening and structural characterisation of potential active compounds from a flavonoid-enriched extract (FEE) of Polygonum orientale that directly act on a target cardiac h9c2 cell. The FEE was prepared by extraction of the plant with water, addition of ethanol to the solution to remove polysaccharides and proteins and removal of tannins by polyamide column chromatography. Cell extraction was conducted on the cardiac h9c2 cell and the solution containing compounds released from the cell was desalted by solid phase extraction. Using this methodology twenty-three potentially active phenolics including ten flavonoid C-glycosides and six flavonoid O-glycosides have been identified from the forty compounds screened in the cell extract. Among these compounds, three were new and nine were identified from this plant for the first time. Strategies for the structural characterisation of flavonoid glycosides were also discussed with Fig 5  illustrating the fragmentation and the nomenclature used for O-glycosides and C-glycosides. As is the case of drug-glucuronic acid conjugates, fragmentation by ESI-MS resulted in the loss of even electron sugar entities from the heterocyclic ring system.
Acylated monosaccharide residues are structural subunits of natural products or synthetic intermediates. Determination of the acylation sites of these residues still relies heavily on the comparison of their characteristic NMR signals with those of known standards and synthesised acylated glycosides. A rapid ESI-MS/MS analytical method for determining the acylation sites for these compounds has been developed  using six known polyphenolic glycosides (Liao et al, 2012)  . The acylation site could be determined by the characteristic product ion spectra of the in-source CID-generated O-acyl monosaccharide ion [B1]+. Liao et al (2012)  have applied UPLC–PDA–ESI–MS/MS to the identification/ characterisation of polyphenolic glycosides in Polygonum capitatum that possess an acylated monosaccharide residue. Twelve polyphenolic glycosides including four new ones have been identified /characterised in P. Capitatum with eight (including the new ones) of the twelve glycosides being reported for the first time from this plant. Again fragmentation occured by cleavage of even electron glycosidic molecules from benzenoid and heterocyclic ring systems.
2.5  Parallels between the cleaving of functional groups as even electron mass losses and the metabolic reactions of the macrocyclic antibiotic rifapentine.
Rifapentine (Fig 6) is a semisynthetic, rifamycin-class antibiotic and differs from rifampin by the presence of a cyclopentyl ring instead of a methyl group at the piperazinyl moiety. The physical chemistry of rifapentine has been investigated by several authors. For example, Zhou et al (2010, 2012) have made a solid state study of rifapentine using X-ray diffraction of single crystals, FT-IR, UV-Vis and TG/DTA techniques.  

HPLC-UV has been used by several authors to study the pharmacokinetics of rifapentine in humans (He et al, 1996, Zhen et al, 1997, Langdon et al, 2004) 
Emary et al (1998) have investigated the disposition and biotransformation of single intravenous and oral doses of 14C-rifapentine in mice, bile duct–cannulated and uncannulated rats and monkeys. Separation of radioactive compounds extracted from urine, bile, and faeces was conducted using HPLC and radioisotope detection. The mass spectra of selected chromatographic peaks were obtained. Metabolites characterized in faeces based on LC/UV/14C and/or LC-MS methods were 25-desacetyl-rifapentine, 3-formyl-25-desacetyl-rifapentine, and 3-formyl-rifapentine. The molecular ions, [M+H]+,were monitored at m/z 684.6, 726.6, 835.7, and 877.7 for 3-formyl-25-desacetyl-rifapentine, 3-formyl-rifapentine, 25-desacetyl-rifapentine, and rifapentine. 

ESI-MSn of rifapentine, as carried out in the University of Ulster MS laboratory (Smyth, 2014), gave the protonated molecular ion at m/z 877.32 and an ion at m/z 845.28 in the MS2 mode which corresponded to the even electron mass loss of CH3OH (32 Da) from position 27.  Interestingly, position 27 can be the site of metabolic transformation in such antibiotics with 27-O-demethyl rifabutin having been detected in a similar macrocyclic antibiotic (Utkin et al, 1997). Fragmentation of the ion at m/z 845.28 in the MS3 mode gave major ions with m/z values at 785.20 and 453.12. The former signal corresponded to an even electron mass loss of CH3COOH (60 Da) from position 25. Again position 25 is the site of metabolic transformation as was observed by Emary et al (1998) with the detection of 25-desacetyl-rifapentine and 3-formyl-25-desacetyl-rifapentine. The ion at m/z 453.12 as shown in Fig 6 corresponded to the breakup of the macrocycle, an event that is not paralleled in any literature on metabolic transformation of these macrocycles. Fragmentation of the ion at m/z 453.12 in the MS4 mode gives a major ion with m/z value at 299.09. This latter signal corresponded to an even electron mass loss of the N-[4-cyclopentyl-1-piperazinyl] entity (154 Da). Again position 3 is the site of metabolic transformation as was observed by Emary et al (1998) with the detection of 3-formyl-rifapentine and 3-formyl-25-desacetyl-rifapentine. Indeed, such a heterocyclic fragment can itself be a metabolite as was observed in (Utkin et al, 1997) with the detection of N-isobutyl-4-hydroxy-piperidine as an abundant polar metabolite of rifabutin. These three even electron mass losses that are paralleled in metabolic transformations of these macrocyclic antibiotics are illustrated in Fig 6. These observations illustrate that, in certain cases, an ESI-MSn study of the cleaving of functional groups as even electron mass losses can predict the locations of particular metabolic transformations even though losses of the functional groups may not correspond exactly with the observed metabolites eg., the even electron mass loss of CH3COOH (60 Da) for rifapentine parallels formation of  the 25-desacetyl metabolite which corresponds to the conversation of the CH3COO substituent to that of OH, an overall mass loss of 42 Da. 

3. Odd electron mass losses of functional groups from selected natural products

Fragmentation of pharmaceuticals involving the generation of odd electron entities such as the methyl radical is structure dependent and is to a large extent correlated with the stability of the newly formed free radical ions. In the case of zolpidem in section 2.1 generation of the methyl radical results in demethylated zolpidem where the unpaired electron can be delocalised in the aromatic ring system.  Coumarins that are iodine substituted in the non heterocyclic ring can lose the iodine radical with a mass loss of 127 to generate deiodinated coumarins where again delocalisation is possible in the ring system (Table 1).
Robledo and Smyth (2014) have reported in a recent review that (a) the application of ESI-MSn in the study of fragmentation pathways of bioactive compounds and their characterisation is well established and (b) the technique can also be very useful for quantitative analysis when interfaced with a separation technique such as  LC or CE (Chen et al, 2011, Clausen et al, 2010). As an illustrative example, a non aqueous CE-ESI-MS method using a nanospray ionization interface for the identification and quantitation of the alkaloids tetrandrine (TET), fangchinoline (FAN), and sinomenine (SIN) in the positive ion mode can be cited (Chen et al, 2013). The TET, FAN, and SIN standard solutions were directly infused using ESI-MSn for collecting MS1–3 spectra and the fragmentation pathways of the alkaloids postulated. The CE-ESI-MS method was validated for linearity, sensitivity, accuracy, and precision and then used to determine the content of the alkaloids in real samples (radix Stephaniae tetrandrae and rhizomes of Menispermum dauricum).
Taking the postulated fragmentation pathway of TET as an example (Fig 7), the protonated molecular ion of TET was [M+H]+ m/z 623, using ESI-MS. The

MS2 spectrum contained ions at m/z 592, 580, 561, 502, and 381 for TET. 

The intensity of fragment ions of TET at m/z 592, 580 and 561 are higher than others, so these fragment ions were subjected to ESI-MS3. The fragmentation pathway was then summarised as follows. [M+H]+ at m/z 623 can lose one methoxy group, two methoxy groups and –C2H5N to form the main fragment ions [M-OCH3+H]+ at m/z 592, [M-(OCH3)2+H]+ at m/z 561 and [M-C2H5N +H]+ at m/z 580. [M-OCH3+H]+ at m/z 592 can lose a methyl group to form the fragment ion at m/z 577, further losing a methoxy group to form the fragment ion at m/z 546. [M-(OCH3)2+H]+ at m/z 561 can lose oxygen to form the fragment ion at m/z 545. [M-C2H5N +H]+ at m/z 580 can lose an hydroxy group detected at m/z 563 and further loss of methoxy and oxygen entities.   

The loss of odd electron entities such as methoxy, methyl and oxygen is not uncommon in ESI-MSn studies of natural products. In the case of TET it is possible to characterize the molecule in terms of these functional groups but, in the case of a natural product of unknown structure and the absence of a standard, full identification would require resort to NMR spectroscopy.  
4. Conclusions

This mini-review concerning the mass spectrometric behaviour of selected pharmaceuticals of low molecular mass using Electrospray Ionisation - Iontrap Mass Spectrometry (ESI-MSn) details certain characteristic fragmentations in that functional groups are generally cleaved from ring systems either as even electron inorganic or organic molecules such as H2O, CO, CO2, alcohols, carboxylic acids or as odd electron entities such as methoxy, CH3O and methyl, CH3. The resulting fragmentation data therefore provides useful information on the structure of these pharmaceuticals, their degradation products and metabolites. Examples of the cleavage of even electron molecules are given by reference to selected hypnotic drugs, coumarins, phloroglucinols and polyphenols. The alkaloid tetrandrine is given as an example of the cleavage of odd electron entities. In some cases, as with the macrocyclic antibiotic rifapentine, the cleaving of functional groups can parallel the production of certain metabolites. 
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Figure Legends

Fig 1.  Molecular structure of zolpidem (I). 

Fig 2.  Proposed ESI-MSn fragmentation of 7-(1,1-dimethylallyloxy)coumarin (II). 
Fig 3  Structures of coumarins (II) – (IV)  
Fig 4 Alkylated phloroglucinol (V)  showing loss of C2H6 on fragmentation.
Fig 5  Fragment nomenclature used for (A) O-glycosides and (B) C-glycosides 
Fig 6  Fragmentation processes for rifapentine

Fig 7  Proposed fragmentation pathways of main fragment ions for TET in positive-ion mode.
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Table 1 Even and odd electron functional groups observed in ESI-MSn fragmentation processes of selected drugs and their metabolites.
	Mass loss
	Structural inference
	Example Molecules

	
	
	

	15
	loss of CH3 from methoxy-substituted aromatics
	coumarins and quinolones, 

narcotine

	
	loss of CH3 substituent from aromatic ring


	zolpidem, 

olanzapine

	
	
	

	17
	loss of NH3 from end -of-chain NH2 group with at least 2 adjacent CH2 groups 
	amphetamine,

5-HT

	
	
	

	17
	loss of NH3 from pyrrolidine ring
	nornicotine



	
	
	

	17
	loss of NH3 from aromatic NH2 group
	2,6-xylidine  

	
	
	

	17
	loss of OH from N-oxide
	chlordiazepoxide

	
	
	

	18
	loss of H2O from aliphatic OH 
	clenbuterol, salbutamol, morphine, codeine, chloramphenicol, 3-OH-benzodiazepines, quinolines, yohimbine

	
	
	

	20
	loss of HF
	7-aminoflunitrazepam, 

N-desmethylflunitrazepam

	
	
	

	28
	loss of CH2=CH2 after loss of adjacent end-of- chain amine
	chlorpromazine

	
	
	

	28
	loss of CH2=CH2 from ethyl ester substituent 
	pethidine

	
	
	

	28
	loss of CH2=CH2 from aromatic ethyl ether
	sildenafil

	   
	
	

	28
	loss of CO / NCH2 with ring contraction
	benzodiazepines, zopiclone and N-desmethyl metabolite,  coumarins, quinolones



	29
	loss of COH/CH2=NH with ring contraction
	benzodiazepines eg., flunitrazepam

	
	
	

	31
	loss of CH3NH2 from end of chain
	N’ methyl 5-HT

	
	
	

	31
	loss of CH3NH2 from CH3–substituted pyrrolidine ring 
	nicotine

	
	
	

	31
	loss of OCH3
	coumarins

	
	
	

	32
	loss of S from cyclic structure
	chlorpromazine

	
	
	

	32
	loss of CH3OH from methyl ester substituent

	cocaine, reserpine

	
	
	

	35/36
	loss of aromatic Cl/HCl
	clenbuterol, benzodiazepines

	
	
	

	42
	loss of CH3CH=CH2 after loss of end-of chain amine
	methadone 

trimpramine

	
	
	

	42
	loss of C3H6
	coumarins

	
	
	

	42
	loss of CH3CH=CH2 from -NH-CH(CH3)2 end-of-chain group
	propranol

	
    
	
	

	42
	loss of ketene, CH2=C=O
	coumarins 

	
	
	

	43
	loss of  CH2=N-CH3
	LSD and derivatives

	
	
	

	44
	loss of CO2 from ring 

loss of CO2 from COOH substituent 

loss of CO2 in molecule
	lactones eg., coumarins, penicillins

zopiclone

	
	
	

	45
	loss of (CH3)2NH from end-of-chain
	chlorpromazine 

zolpidem

bufotenine

	
	
	

	46
	loss of NO2
	7-NO2-1,4-benzodiazepines, metronidazole

	
	
	

	46
	loss of C2H5OH from ethyl ester substituent
	pethidine

	
	
	

	56
	loss of (CH3)2C=CH2 from chain end
	clenbuterol, salbutamol, quinolines

	
	
	

	57
	loss of CH3CH=NCH3
	6- MAM, codeine, morphine

	
	
	

	58
	loss of CH3CONH
	7-acetamidonitrazepam

	
	
	

	59
	loss of N(CH3)3 from end-of-chain 
	5-HTQ

	
	
	

	59
	loss of CH3CONH2 
	7-acetamidonitrazepam

	
	
	

	60
	 loss of CH3COOH as substituent 
	coumarins, quinolines, 6-MAM

	
	
	

	60 
	loss of HCOOCH3 from –COOCH3 substituent 
	cocaine

	
	
	

	68
	loss of C5H8 as side chain
	 coumarins and quinolines

	
	
	

	73
	loss of NH(C2H5)2 from end-of-chain
	 flurazepam, procaine

	
	
	

	74
	loss of HCOOC2H5 from –COOC2H5 substituent 
	pethidine

	
	
	

	79
	loss of Br as aromatic substituent
	Br-substituted quinolines

	
	
	

	80
	loss of SO3
	dyes, sulphate conjugates

	
	
	

	85
	loss of piperidine
	CPT-11

	
	
	

	101
	loss of OHC-N(C2H5)2
	LSD

	
	
	

	122  
	loss of C6H5COOH
	cocaine

	
	
	

	124  
	 loss of C9H16 from side chain 
	quinolines

	
	
	

	127
	 loss of  I
	I-substituted coumarins

	
	
	

	176  
	loss of glucuronide from drug conjugate
	nitrocatechol, morphine

	
	
	


                          Table 2 Selected Heats of Formation at 298.15 K
                Neutral Molecule                     (Hf0  ( kJmol-1 )




HF(g)



-271.1




HCl(g)      


-92.3

H2O(g)



-241.8

SO2(g)



 -296.8

NH3(g)



-46.1

NO2(g)



+33.2




CO(g)



-110.5

CO2(g)



-393.5

C5H12(g)


-146.4

CH3COOC2H5(l)                     -486.6

CH3NH2(g) 


 -28.0

C2H5NH2(g)


 -48.5
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