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ABSTRACT 

5-Hydroxyl-1-neopentylpyrrole-2-carbaldehyde, 2-(2-hydroxyacetyl)-l-neo- 
pentylpyrrole, and 2-acetyl-l-neopentylpyrrole, in decreasing order of abundance, 
have been isolated and the structures characterized. These compounds were ob- 
tained from the reaction of a mixture of D-glucose and neopentylamine under 
physiological conditions of pH and temperature. In addition, 4H-dihydropyran-4- 
one, a known intermediate product of the Maillard reaction, was detected. The 
neopentylamine adducts were already detectable after one week of incubation, but 
rapid acid and alkaline degradation explains the lack of detection in body proteins. 

INTRODUCTION 

During the past ten years, it has become evident that the initial step of the 
Maillard reaction, nonenzymatic glycosylation, occurs in vivo. Reducing sugars 
react with, e.g., protein-based primary amino groups to form a Schiff base which 
slowly undergoes an Amadori rearrangement resulting in a more stable ketoamine 
adduct. This posttranslational modification has been encountered in a wide variety 
of tissues and may be responsible for certain long-term complications of diabetes 
mellitus’. A number of proteins, for example, hemoglobin*, albumin3, collagen4, 
lens crystallin9, erythrocyte membrane proteins6, and peripheral nerve proteins’ 
have been found to undergo nonenzymatic glycosylation with D-glucose. In the 
advanced stage of the Maillard reaction, a series of dehydration and rearrangement 
reactions of the glycosylated adducts occur which lead to brown-colored, highly 
fluorescent compounds8. Monnier and CeramiY hypothesized that the advanced 
stage of the Maillard reaction could occur spontaneously in vivo and could explain 

‘This work was supported by a New Investigator Award NEI-04803 (to V.M.M.) and Grant AG-05601 
from the National Institutes of Health. Portions of this work were presented at the XIIIth International 
Carbohydrate Symposium. Ithaca, August 10-15, 1986. 
‘To whom correspondence should be addressed. 
*Institute of Pathology, Case Western Reserve University. 
*Department of Chemistry, Case Western Reserve University. 

0008-621 S/87/$03.50 @ 1987 Elsevier Science Publishers B.V. 



1? 
I. I L I- C;. h.IOKOl;t 1.. \! C;,lk.KI 1’ II. \lOI\;NII:K 



MAILLARD REACTION UNDER PHYSIOLOGICAL CONDITIONS 213 

temperature was 250”; He was the carrier gas, at a flow rate of 20 mUmin. The 
mass spectra were recorded at an ionizing energy of 70 eV and an ion-source temp- 
erature of 200”. 

Reaction of neopentylumine with ~-glucose. - In a 500-mL bottle, o-glucose 
(90.0 g, 0.5 mol) was dissolved in double distilled, de-ionized water (200 mL) and 
neopentylamine (43.6 g, 58 mL, 0.5 mol) was added. The pH was adjusted to 7.2 
by a stepwise addition of 87% H,PO,. The mixture was incubated at 37” for 10 
days. During this period, the solution turned from clear to dark brown and some 
water-insoluble material precipitated out. The precipitate was filtered off, washed 
with distilled water (3 x 100 mL), and air dried for 6 h to yield a dark-brown solid 
(7.3 g, 5.5% from combined weight of reactants). The aqueous filtrate was 
saturated with NaCl and exhaustively extracted with petroleum ether (30-75”) and 
then diethyl ether, and the solvents were removed with a rotary evaporator at a 
temperature ~40”. The resulting amorphous solids from both extractions were sub- 
jected to flash chromatography in 9:l and 4: 1 hexane-ethyl acetate. The com- 
pounds isolated by flash chromatography were analyzed by l.c. using an aceto- 
nitrile-water gradient system and t.1.c. in hexane-ethyl acetate. Major compounds 
isolated were further characterized by ‘H- and W-n.m.r. spectroscopy, mass 
spectrometry, and U.V. and i.r. spectroscopy. 

Incubation of Shydroxymethyl-2-furaldehyde with neopentylamine. - To a 
solution of 5-hydroxymethyl-2-furaldehyde (0.2 g, 1.6 mmol) in water (0.2 mL) was 
added neopentylamine (0.13 g, 0.18 mL, 1.6 mmol). The pH of the mixture was 
adjusted to 7.2 with 87% H,PO,. The reaction progress was monitored by t.1.c. in 
1: 1 ethyl acetate-toluene. T.1.c. plates were first viewed under U.V. light and then 
sprayed with 2,4_dinitrophenylhydrazine followed by ninhydrin reagent. 

Acid hydrolysis of pyrrole compounds. - To the pyrrole compound (0.1 mg) 
dissolved in chloroform was added 6~ HCl (2 mL). The mixture was purged with 
N, and incubated for 10 h at 110”. The effect of 6~ HCl on the pyrrole compounds 
was assessed by comparison of the chromatographic properties of acid-treated 
samples to those of untreated ones, 

RESULTS 

Equimolar amounts of o-glucose and neopentylamine reacted under near- 
physiological conditions of pH and temperature. After 10 days of incubation, the 
reaction was stopped and the solid that had precipitated during the course of the 
reaction was filtered off to yield a dark-brown material (5.5%, w/w). The aqueous 
layer was extracted with petroleum ether, followed by diethyl ether, and the re- 
moval of solvents from each extract yielded 0.14 g (0.1%) and 1.5 g (1.1%) of brown 
material, respectively. T.1.c. (3:2 hexane+thyl acetate) of the petroleum ether 
extract indicated the presence of three major compounds, Pl, P2, and P3 (RF 0.70, 
0.53, and 0.28, respectively). T.1.c. (same solvent system) of the diethyl ether ex- 
tract indicated the presence of four major compounds, El, E2, E3, and E4, (R, 
0.28,0.11,0.06, and 0.02, respectively). 
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Compound Pl was obtained in 0.2?4~ yield and was found to react rcadil! 

with 2.4dinitrophcnylhydrazine to give a brown spot. Cj.1.c..-m.s. and ‘H-n.m.1,. 

analysis indicated that it was 2-acetyl-l-ncopentylpyrrolc (I): c.l.m.s.; rnlz 175) 

(M+) 164 (M - -- CH,), 135 ($1’. -- COCH,). and 172 [M’ --- r’(CJi;),J. 

The fragmentation pattern was similar LO thar reported I?! Ciianturco PI iii.!” 

for similar compounds. The ‘J-I-n.m.r. q~zctrum of 1 was similar to that reported in 

the Ovarian high-resolutjon n.m.r. spectra catnic~g”. ckhihiting 4gn:tls ;it 6 tl.95 (,s. 

9 H), 2.47 (s, 3 H). -4.37 (5. ?. H). h.15 (dd. I H. .I .4 l-17 ). f?.S? !tf . I 1-l. .I -I Hz). anti 

6.9X (III. 1 H. J 2 Hz). 

Compound P2. isolated in I 1 ‘I/;, yield, showed a positi\;c Pauly’s test hut \V;IS 

unexpectedly unreactive with 2.Lt-dinitrophenvlh?/drazinc. Howcvcr. the i.r. sprc- 

trum showed :t strong peak at v,~,~, lhh0 cm I that indicated the prc”~ncc of ;I car- 

bony1 group as reported previnusly Ix: rbthcr I;,~,~ w’crc at IWt). 1.380. :rnt! !3hO cm I: 

‘H-n.m.r. of P2; 6li.95 (s. ?, t-3). 3.58 (hr. S, 1 H). 5.3 is. 2 Ii). ~4.~# Is. r! ii’). h.23 

(dd. 1 I-1. J5.0, 2 Hz). anti 6.% (m. 1 l-i. JS Hz): i’C-~~.m.r.: ii 27.23 jC‘(Cti,),]. 

33.27 [C(,CH,j3]. 5X.1 (CH,Ot-I). 64. I5 [C&IL’). IttX. 18 (C-1). ! 18.W (c‘-3). 127.09 
(C-2). 131.85 (,C-5). and 1X7.87 (C=O): l:.i.m.s.: W/Z I95 ($1 ). I64 (ht. ... 

CH,OHj. and I.36 (MI --. C’OC‘f~,OH): A,,,,,, 291 md 31 nm (shoulder,. Fr<jrn the 

aforcmentioncd spectroscopic data. the structure of P2 \t’:ts CstiIblishcd to ELI Z-(2- 

hydroxyacetyl j- 1 -nct~pentylpyrr~~l~ {2). C..<jmparison o:’ this ketoncz witi an analog- 

ous kctonc isolated by i.etil IL’ * from the react inn of’ proJq&trninv pith ~~)-gluc~.~~ iI t 

elevated tcmpcraturcs rcvealcd close similarities in II.\;. . n, m. I’. . ;IINI chromatop- 

raphic properties. ‘l‘realment of P2 with hi t-ICI tar, IO II ;it ! ifl” Ax! IO complctc 

decomposition of this compound 
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The third major compound (P3), isolated from the petroleum ether extract 
by flash chromatography, was 5-hydroxymethyl-l-neopentylpyrrole-2-carbaldehyde 
(3). It was isolated in 20% yield from combined petroleum ether and diethyl ether 
concentrates, and was found to react with 2,4_dinitrophenylhydrazine, giving a 
dark-brown spot on t.1.c. It also appeared as a pink spot after spraying with the 
Ehrlich’s reagent. The chromatographic properties of P3 on silica gel were similar 
to those of analogous pyrrolecarbaldehyde isolated by LedW*. The U.V. spectrum 
was very similar to that reported by Kato and Fujimaki18 for similar pyrrole com- 
pounds obtained by heating reducing sugars with amines; it displayed a strong ab- 
sorption at A,, 293 nm and a shoulder at -254 nm. Compound P3 was also found 
to be extractable by diethyl ether (compound El). Compound El and P3 had simi- 
lar physical as well as chemical properties and, therefore, were considered to be the 
same compound: u,,,, 3390, 1650, 1400,1370, and 1048 cm-l; ‘H-n.m.r. 6 0.98 (s, 
9 H), 1.05 (br.s, 1 H), 4.75 (s, 4 H), 6.35 (d, 1 H, J 5 Hz), 6.93 (d, 1 H, J 5 Hz), 
and 10.48 (s, 1 H); 13C-n.m.r. 6 27.66 [(CH,),], 34.26 [C(CH,),], 58.61 (CHrN), 
56.92 (CH,OH), 109.97 (C-3), 124.24 (C-4), 133.83 (C-5), 142.87 (C-2), and 179.14 
(CHO): e.i.m.s.: m/z 195 (M+), 180 (M+ - CH,), 178 (M+ - OH), 166 (M+ - 
CHO), and 139 [M + - (CH,),C + H]. An attempt to obtain P3 by incubating 
5-hydroxymethyl-2-furfural with neopentylamine at physiological conditions of 
temperature and pH were unsuccessful; even after 12 days of incubation, no forma- 
tion of P3 could be detected in the petroleum ether extract of the reaction mixture 
by t.1.c. analysis. Incubation of P3 with 6~ HCl for 10 h at 110” led to complete 
decomposition of this compound. 

Compound E2, obtained by flash chromatography of the ether extract in 
4.3% yield, was found to be 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 
(4); it showed a yellow spot after spraying the t.1.c. plate with 2,4-dinitrophenyl- 
hydraxine and keeping it overnight, v,, 3510 and 3400 (br.) (H-bonded OH), 1735 
(very weak), 1668, and 1618 cm-l (a-substituted a,penone): IH-n.m.r.: S 2.18 (s, 
3 H), 4.05 (m, H-3), 4.30 (ABq, 1 H, J 6, 12 Hz, H-2b), 4.45 (ABq, 1 H, 6, J 12 
Hz, H-2b), and 4.4U.70 (br., 2 H): e.i.m.s.: m/z 144 (M+), 101, 73, 72, 55, 45, 
and 43 (same as those reported by Fisher et ~1.~~). 

The structures of compounds E3 and E4 from the diethyl ether extract remam 
unidentified. Both gave a positive reaction with 2,4-dinitrophenylhydrazine and 
have molecular masses of 237 and 213, respectively. iH-N.m.r. spectroscopy and 
mass spectroscopy of E3 strongly indicated that it is a disubstituted Wneopentyl- 
pyrrolecarbaldehyde. 

DISCUSSION 

The reaction of D-ghcose with neopentylamine was studied as a model for 
understanding the chemical nature of the changes occurring when proteins are ex- 
posed to D-glucose. The use of a simple aliphatic amine as a model for protein- 
based amino groups excludes some of the complications that would result from the 
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use of amino acids as model compounds, such as the formation of Strecker degrada- 
tion products21+Z2, and isolation problems due to the presence of charged groups 
(e.g., where lysine is used). The three pyrrole compounds isolated from the reac- 

tion between neopentylamine and D-ghCOSe at physiological conditions of pH and 
temperature are late products of the Maillard reaction. Although pyrrole com- 
pounds similar to those reported in this study have been isolated”j, this is the first 

report of their formation under very mild conditions. 
2-Acetylpyrrole (1) is possibly formed from the reaction of l-deoxy- 

glucosonez” (5) with neopentylamine to form an iminol intermediate 6 that under- 

goes cyclization, followed by a series of dehydrations (see Scheme 1). The keto 
group of 1 could potentially act as a crosslink with amino groups via Schiff base 
formation . 

2-(2-Hydroxyacetyl)pyrrole (2) has been postulated to be formed via 4- 
deoxy-glucosone25 (12). Through a series of dehydrations and eventual cyclization. 
12 can be transformed into 2-hydroxyacetylfuran (13). This would be expected to 

react with neopentylamine at elevated temperatures to give 2 (Scheme 2). How- 
ever, attempts by Jurch and TatumZh to synthesize an analog of 2. where the neo- 
pentyl group is replaced by a methyl group, from 13 and methylamine failed. An 
alternative sequence involving cyclization-dehydration through a Schiff base 14 and 
subsequent conversion to an enaminol 15 could lead to 2 as shown in Scheme 2. 
Unlike 1, 2 cannot react with an amine in forming a Schiff base as it was found to 

be unreactive towards 2,4_dinitrophenylhydrazine. 
5Hydroxymethylpyrrole-2-carbaldehyde (3) formation has been documented 
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by several researchers IRqZ6. It could conceivably be formed from the reaction of 
3-deoxyglucosone (16) with neopentylamine viu intermediate 3,4-dideoxy- 
hexosulos-3-ene 17 and Schiff base 18 (Scheme 3). The last-named compound could 
undergo cyclization and subsequent dehydration to form the pyrrolecarbaldehyde’-’ 
3. At higher temperatures, pyrrolecarbaldehyde 3 can be formed from the reaction 
of 5hydroxymethyl-2-furfural (19) with an amine, as reported by Jurch and 
Tatum2”; however, under physiological conditions of pH and temperature, we could 
not detect any formation of3 from 19 incubated with neopentylamine. This suggests 
that, at physiological conditions, 3 is probably formed directly via the Schiff base 
(18) route rather than through the 19 intermediate. 

The hydroxymethyl group of 3 can serve as a site of further reaction resulting 
in two ether-bond-linked pyrrolecarbaldehydes (20), as demonstrated by Olsson et 
u[.~“. This could react with amino groups to form either mono- or di-aldimines (22) 
(Scheme 4). Alternatively, 3 could form a Schiff base (21) with an amine without 
condensing with a second molecule of 3. If these reactions were to occur in proteins, 
they could result in the formation of inter- or intra-molecular crosslinks. 

Compound 4, obtained from the ether extract, possibly was formed from I- 
deoxyglucosone (5) ( see Scheme 1) by tautomerization to a Zt4-diketone (7, 8) 
which then cyclized to form a pyranone intermediate’, the latter subsequently being 
dehydrated into 4. As Mills et ~1.~~ have shown, 4 may undergo a further dehydra- 
tion step to give malt01 (lo), a compound that can in turn react with an amino 
group to give a pyridone’” 11. 

The observation that the pyrrole compounds 2 and 3 were completely de- 
stroyed after incubation with 6~ hydrochloric acid for 10 h at 110” explains the lack 

cMe3 
I 

iH, 

I 
3 -- ~..,(.y~o~&(.fHo 

20 

CH=NCH,CMe, Me3CCH2N=HC 

* 

CH2 

Scheme 4 



MAILLARD REACTION UNDER PHYSIOLOGICAL CONDITIONS 219 

of detection of these compounds in vivo, as acid hydrolysis is commonly used to 
break down proteins prior to analysis. However, it is of interest that Scott and 
assoc.29,30 found proteolytic digest of connective tissues to contain material that 
reacted rapidly at room temperature withp-dimethylaminobenzaldehyde (Ehrlich’s 
reagent). This Ehrlich chromogen of pyrrolic nature was found to be associated 
with a three-chain peptide chain from human-type III and IV collagen. From their 
results, these authors proposed that collagen crosslinking could result from such an 
Ehrlich chromogen. The identification of carbaldehyde and ketopyrrole compounds 
as products of the late-stage Maillard reaction under physiological conditions pro- 
vides a starting point from which further studies of the chemistry of this process can 
proceed. 
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