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Abstract-- The crystal structure of the calTeintpotassium chlorogcnate 1: I molecular complex derived from coffee 
beans is described. The relationship of this structure to the general question of the mechanisms of polyphcnol 
association and precipitation is commented upon. 
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INlPODUC7lOS 

Noncovalent intermolecular forces underlie many bio- 
logical phenomena enzyme catalysis. hormonal rc- 
sponscs, membrane transport, etc. [I]. Understanding the 
nature of these forces the problems of mokcuhr recog- 
nition and discrimination -has become a major focus of 
attention in biological chemistry. One l&t of this 
probkm concerns plant polyphcnols. The profusion and 
irregular distribution of phenolic compounds in plants 
has exercised the minds of chemists for many years. 
Botanists and plant physiologists have likewise pondered 
their function [2-S]. Plant phenols vary in compkxity 
from the ubiquitous chlorogenk acid (1) lo, for cxampk. 
the compkx polyphcnols frequently referred to as veg- 
etabk tannins [6]. They reversibly associate with a wide 
range of substrata such as proteins and polysaccharidcs, 
and studies of these phenomena are not only of intrinsic 
scientific intercat because of their possibk involvement in 
a functional rok. but they are also of undoubted practical 
signif%cance. They determine. for example, the palatability 
of many foodstuffs [7] such as tea and coffa, wine, &rs, 
cocoa and cocacola; the nutritional value of crops [8]; 
and the rate of microbial decomposition of plant tissues in 
the formation of soils [93; while extracted plant poly- 
phenols still provide pharmaceutical preparations of 
medical interest and value [IO]. Their ready association 
with proteins and other macromokcuks probably forms 
the basis of their therapeutic action. 

Recent studies [I I, 121 have demonstrated some of the 
macroscopic features of the polyphenol molecular strut- 
turc necessary for enhanced compkxation with proteins 

1 R-H 
2 R-K 

and other mtrogcnous mctabolites. The molecular mech- 
anisms whereby compkxation is mediated have remained 
a subject for circumstantial speculation. Loomis [ I33 has 
suggested that hydrogen bondingand hydrophobic effects 
predominate. In aqueous media natural polyphcnols 
readily associate with some alkaloids. With caffeine (3), 
for example, the compkxation is polydentate and aggre- 
gates are ultimately formed sufficient to cause pracipi- 
tation. The stoichiomctry of these aggregates is similar in 
kind to that noted previously for polyphcnols and 
proteins, and is directly related to the initial polyphcnol 
concentration [IS]. By extrapolation from crystal struc- 
ture data it has been proposed [lS] that hydrogen 
bonding and apolar interactions (the exclusion of the 
solvent water from regions betwan aroyl and purine 
rings, for exampk) dominate the compkxation. A model 
for the prcsrpitation process is suggcs~cd in Fig. 1 [ IS]. A 
further interesting facet of this work is the observation 
that in some polyphenolic substrates where there arc 
multiple binding sites complexation often occurs pre- 
ferentially at just one or two of these sites (C. M. Spencer. 
R. Martin, T. H. Lillcy. E. Haslam and D. Magnolato, 
unpublished work). 

Hydroxycinnamic acids are ubiquitous in the plant 
kingdom and usually occur as esters or glycosidcs [ 161. 
The most familiar of these is the S-OcafTcoyl ester of 
qumk acid, chlorogcnlc acid (I). It may constitute up to 
0.1 “/; of the fresh weight of many plant tissues but raw 
coffa is a rich source and contains S8 7, of this caffeoyl 
ester. Potassium chlorogenate (2) was first isolated from 
gran colTa beans ((‘oflea arahica L.) by Gortcr [ 171 as a 
crystalline 1: 1 complex with calTeine (3) Gortcr dc- 
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caft*int-m Cunplaatim 

FIN. 1. Caffeintpolypbcnol prsipifation. 

monsfratcd that the complex was recrystallized un- 
changed from aqueous ethanol, but its sfr~~fure and 
physicochcmkal properties have, since that date, received 
scant attention. Sondhcimcr er al. [ 181 in a partition study 
considered the inlluencc on compkx stability of various 
sfercochcmical and structural features but their work 
faikd to identify the natum of the inf~o~u~r forces. 
in a later investigation, Horman and Viani [193, using 
NMR spectroscopy, concluded that in aqueous media the 
caffeine potassium chlorogenate complex was best de- 
scribed as a “hydrophobically bound n mokcular com- 
pkx” and percipicntly they suggcstcd that in solution the 
time-averaged conformation of the compkx rcscmbkd 
that shown in Fig. 2. It was proposed that the plane of the 
caffeine mokcuk is parallel to the plane of the aromatic 
ring of the caffcoyl ester group and that the five- und 
six-membered rings of the nitrogen hctcrocyck arc 
equally involved in complex formation. 

- - -- 

*Crystal data for potassium chforogcnafecPffei btiydmtc. 
C,sH,,O,K. CIH,c,N.0z.2H~0. M, - 622.63. w group 
P2,2,2,, o - 7.0521 (3), b = 11.5&(0(9). c - 33.8621(27) A, 
ij - 2766.4 A’. rt, I 1.49ycm’, Z - 4. Cu K. radmfion 
(I = t.5(181(~ /I = 23.3Scm ‘, F(ooO) = 1304. R - 0.0551, 

RIV- 0.0621 for 1682 refkctionr. 0 6 66”. I 2 2u(Ib Thcstomr 
coordiaPfa are snilsbk on rapest from the Director of the 
Cambridge Crystafkgraphic Data Centre, University Cbenucal 
Laboratory. Cambridge CB2 1 EW. UK. 

RESULTS AND DlSCUSlDZ 

The structure of the caffeine pofassrum chlorogenatc 
compkx* was obtained from an X-ray study. Initial 
attempts using default values with MULTAN-80 [20] 
were not rewarding. Usmg a group scattering factor for 
the caffetne mokcule, calculated from its published 
geometry [22’J together with the standard weighted 
tangcnf formula [ZO] a partial solution was derived. 
Coordinates for the potassium ion and I9 of the heavy 
atoms comprising the chlorogenate ion were obtained in 
this way and refined for several cycles using the 
CRYSTALS [213 package. Fourier methods then allowed 
the location of the caffeine mokcuk together with the 
remaining atoms of the chlorogenatc ion and the two 
oxygen atoms associated with the water of crystallization. 
The structure was then refined usmg isotropic and 
anisotropic temperature factors, and this process was 
covergent with R = 6.99%. Most of the hydrogen atoms 
were located from a Fourier map. Where possibk. hydro- 
gen atoms were then inrludcd in their calculated positions, 
but hydroxyl hydrogen atoms together with those of the 
&!-methyl groups at C (22)and C (23) were located in their 
found loci. The N-methyl group at C (24) was disordcrcd 
and these hydrogen atoms wcrc eventually included 
assuming a conformation of this N-methyl group similar 
IO that reported for the caffeine barbital compkx 1233. 
Further relincment of the paramctcrs associafcd with the 
heavy atoms gave a final R value of 5.51:,. Final atomic 
coordmatcs are contained m Tabk I, and Table 2 lists 
inter-atomic distanm and bond angles. 

The structure of the asymmetric unit of the 



Ftg. 2. Time-averaged conformation of the catTct= 
potasstum chlorogcnate compkx [ 193. 

caffeintpotassium chlorogenatc complex is shown in 
Ftg. 3 with the crystallographic numbering. The 
potasstum ion is assoctatcd with a number of oxygen 
atoms (see below) but wtthin the asymmetric unit the 
oxygen atoms 0 (6). 0 (7) and 0 (10) are coordinated to 
the alkali metal ion and K - ‘0 distances lie between 2.67 
and 2.gSA (Tabk 3). In addttion to this feature, the 
asymmetric unit IS further stabilized by a symmetrical 
hydrogen bond linking 0 (I ), H (14) and 0 (12) (Tabk 4). 
The aryl rtng C (I FC (6) is planar (maximum deviation 
from this mean plane is 0.016A). Ltkcwise the cageine 
mokcuk is also planar (maximum devtation of 0.004 A). 
Within the asymmetric unit these planes lie at an angk of 
18.4’ to one another. 

The complex forms a layer lattice structure with the 
phcnolic nuclet of the chlorogcnatc ton alternating with 
the caffeine molecule in stacks: Fig. 4 shows a view down 
the x-axis of the unit cell. Within each stack the pbcnolic 
rings are parallel and alternating caffeine molecules lie 
inclined at 3.6’ to these rings. The ccntrcs of the adpccrtt 
planes are separated by 3.78 A. Inspection of Fig. 4 shows 
that three pairs of atoms most nearly eclipse one another 
in this stacktng array. These atoms are N (2) and C (4F 
3.5 A; hi (3) and C(6k3.62 A; C (2) and C (IO) 3.50 A. 

Two addttional factors Serve to stabilize this arrange- 
ment within the crystal lattice. These are respectively 
hydrogen bonding and coordination around the 
potassium ion. The hydrogen bonding network is cxtens- 
ive (Fig. 5;ditncnsions. Table 4). The potassium cation is 
associated with a total of seven oxygen atoms in an 
irregular polyhedral array. In addition to the oxygen 
atoms involved within the asymmetric untt (sa above), 
also associated with the central potassium ton are both 

Tabk I. CaITeintpotassium chlorogcnatc compkr Relined 
atomic coordinates with e.s.d.s in p~rmthcscs 

K I 
0 I2 
0 I3 
01 
02 
03 
04 
OS 
06 
07 
Otl 
09 
Cl 
c2 
c3 
c4 
CS 
C6 
c7 
C8 
C9 
c IO 
c II 
C 12 
c 13 
c 14 
c IS 
C I6 
Nl 
N2 
E;3 
N4 
0 IO 
0 II 
c I7 
C 18 
c 19 
C20 
c 21 
C22 
C23 
C 24 

0.1893(3) 
O.otXt( I ) 
0.785(I) 

-0.017(l) 
-0.079(l) 
O.OS9(1) 
0.015(l) 
0385(l) 
0.3451(9) 

-0.0485(9) 
-0.2699(9) 
-0342(l) 
0.003(l) 

-0.033(l) 
-0.042(l) 
-O.OCb!t(l) 
0.023(l) 
0.028(l) 
0.011(1) 
0.003(l) 
0.029(l) 
0.056(l) 
0.230(l) 
0.281(l) 
o.lIql, 

-0.070(l) 
-0.113(l) 
-0.242(l) 
0544(l) 
0.499(l) 
0.474(2) 
0.499(l) 
0.518(l) 
0.557(l) 
0.515(l) 
0.493( 1) 
0.472(2) 
0.509(I) 
0.538(2) 
0.576(2) 
0.479(2) 
0.499(2) 

0.3071(1) 
0.1612(4) 
0.3324(S) 
0.0043(4) 

-0.15%(4) 
0.1834(J) 

-O.o003(5) 
-0.0239(S) 
0.088qs) 
O.l290(4) 

-0.1385(S) 
0.0453(S) 
0.086q6) 

-0.0274(6) 
- 0.052Of6) 
0.0350(6) 
0.14&I(6) 
0.1710(6) 
0.1140(7) 
00432(7) 
0.0851(7) 
0.0227(6) 

-0.0479(6) 
-0.0284(6) 
-0.0542(6) 
0.00&t(6) 

-0.0119(7) 
-0.0317(7) 
0.3957(S) 
0.5792(6) 
0.7357(7) 
0.6221(7) 
0.4189(S) 
0.3672(7) 
0.4631(8, 
0.6229(B) 
0.7327(9) 
O.WS(8) 
0.4362(Y) 
0.2705(X) 
0.6525(9) 
0.589(l) 

0.046lq5) 
0.4773(2) 
0.0197(2) 
0.4261(l) 
0.3741(l) 
O.l8s8(2) 
0.16&t(2) 
0.1412(2) 
O&76(2) 
0.0525(2) 
0.0307(2) 
0.0193(2) 
0307q2) 
0.3202(2) 
0.3591(2) 
03883(2) 
0.3749(2) 
0.3346(2) 
0.2654(2) 
0.2344(2) 
0.1945(2) 
0.1273(2) 
0.116q2) 
0.073q3) 
0.0647(2) 
0.05x8(2) 
0 1028(2) 
0.0339(2) 
0.1433(2) 
0.1162(2) 
0.1645(2) 
02186(2) 
0.0770(2) 
0.2113(2) 
O.IIOY(3) 
O.I53Y(3) 
02066(4) 
0.1859(3) 
0.1827(3) 
0.1373(3) 
0.0807(4) 
0.26CQ3) 

phcnolic oxygen atoms of a chlorogcnatc ion ( - x, i + y. f 
- I). one of the carboxyhte oxygen atoms (4 + x, 4 - J, 
- z)and finally a water molecule (x - 4, f - )‘. - z) (Fig. 6). 
Tabk 3 lists these various associated oxygen atoms. 

The association of polyphenok with other mokcules 
such as proteins and polysacchartda is a probkm of very 
great practical significance and one with a very long 
history. This paper brings forward for the firs1 time 
factual evidence concerning the mokcular mechanisms of 
noncovaknt interactions between the heterocyck caf- 
fetnc (3) and the chlorogenate ion (2). Whtkt the tendency 
has been to emphasize (usually on intuitive grounds) the 
part played by hydrogen bonding, this work unequivo- 
cally demonstrates for the first time inter olio the crucial 
importatta not only of hydrogen bonding but also of 
hydrophobic cfTccts and coordination around a central 
alkali metal ion in the compkxation process. These 
features arc additionally supported by related obscr- 
vations. e.g. the crystal structure of the caffeintmethyl 
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Tabk 2 Caffclntpotassium chkxogenate compkx. Bond kngths (A) 

(e.s.d.s all 0.01 A) and bond an&s ( ) (e.s.d.s. 0.6 08” for polnssium 

chlorogenare and 0 8 1.0’ for caNeine) 
-_. .-.- .- - 

Potassium chlorogenatc 

C(1) C(2) 1.41 0(4X( IO) 1.45 
C(2). C(3) 1.35 C( IO) C( I I) 1.52 

C(3W(2) 1 37 (‘(I lkO(5) I .42 

C(3K(4) 1.43 C(II~C(l2) 1.52 

C(4) O(l) 1.33 C(12) O(6) 1.44 

C(4K(5) I39 C(l2kC(l3) I 53 

C(5K(6) 1.39 C(l3kC(l4) I.52 

C(6K( 1) 1.37 C(l4FO(?) I .42 

C(l) C(7) I.45 C( 14)-Q 16) 1.55 
C(7) C(8) I.33 C(l6) O(8) I.26 

C(8) C(9) I.45 C(l6) O(9) 1.24 

C(9) O(3) 1.20 C(l4) C(I5) 1.54 

C(9FO(4) I 33 C(l5~C(lO) I.51 

CafTeme 

K(I) C(l7) 1.36 N(3) C( 19) I .43 

N(I~C(22) 1.48 C( l9kN(4) I.36 

C(l7~O(lO) 1.26 K(4kC(24) I .45 

C(l7FN(2) I.36 N(4) C(20) I.36 

N(ZK(23) 1.48 C(2OK( 18) 1.35 

N(2K( 18) 1.37 C(2O~C(2I) 1.39 

C(18FN(3) 1.36 C(21FO(ll) 1.26 

C(21) N(l) I 42 

C(IM2KO) 
C(2W(WDJ 
C(2WVW) 
WKCW.3, 
C(3FC(4) O(1) 

C(3K(4W5) 

O( 1 K(4K(5) 

C(4FC(5FC(6) 
C(5) C(6) C(I) 

C(6) C( I) C(2) 

C(6K( lFC(7) 
C(2) C(l) C(7) 

C(lK(WC(8) 
C(7) C(8) C(9) 

C(8) C(9) O(3) 

WW(9W(4) 

(l(3) C(9) o(4) 
C(9FO(4b C( IO) 

0(4FC(IOK(llJ 

N(IFC(l7FK;(2) 

N(I~C(l7~0(10) 
O( IOFC( 17) N(2) 

C(l7FN(2bC(l8) 

C( 17FN(2kC(23) 
C(23kN(2hC(l8) 

N(2) C(l8) N(3) 
N(2) C( 18FC(20) 

CWK(l8FN(3) 
C(l8) N(3)-C( 19) 
N(3FC( 19).N(4) 

C(l9) N(4) C(20) 

Powslum chlorogcnatc 

121.0 0(4~C(IO~(I5) 

121.1 C(l5) C(IO).C(II) 

124.1 C(IOK(IIW(l2) 

114.7 c(lo~c(II)-o(5) 

117.9 O(SK(IIK(l2) 

117.1 C(ll)C(l2K(l3) 

124.9 C( I IkC(l2) O(6) 

121.0 0(6bC(l2) C(l3) 

121.1 (‘(12K(l3kC(14) 

118.4 C(I3K(I4)-C(I5) 

119.8 C(13kC(lS)C(l6) 

121 8 C(l3) C(l4@(7) 

128.7 0(7FC( 14) C( 16) 

121.5 O(7) (‘(14) C(I5) 
124.9 C(l6) C(l4) C(l5) 

111.2 C(I4~c(I5t~c(Io) 

123.9 C( 14) C( 16) O(8) 
119.1 c‘(l4).C( MFO(9) 

107 7 O(8) C( 16)-O(9) 

CalTetne 

118.2 C( 19) N(4) C(24) 

119.9 C(24) N(4)-C(20) 

121.6 N(4) C@+C(18) 
119.3 N(4) C(200)-C(2I) 

118.0 C(lH) C(2Ot-C(21) 
122.6 C(2O) C(2lFN(I) 
127.0 C(20~C(21) O( I I) 
121.9 O(Il~C(21) N(1) 
III.1 C(2I) N(I) C(l7) 

103.9 C(2I) N(I) C(22) 
1087 C(22) N(1) C(l7) 
122.2 

108.7 

110.9 

110.6 

III.5 

III.4 

110.1 

109.7 

III.0 

114.1 

110.7 

III.5 

110.0 

107.2 

IOU4 

Ion9 

109.5 

117.5 

116.6 
125.9 

1222 

129.6 

108.2 
129.7 

122.0 

113.8 
125.5 
120.8 
124.4 

117.1 
1 IX.4 
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Fig. 3. Asymmctnc unrt of the caffemtpot~ium chlorogcnatc I : I compkx +rysWographic numbering 

Tabk 3. Contacts (A) to and an&s ( . ) about the potassium 

atom with rckvant symmetry operators 

Contacts (A), symmetry operations 

O(I) 2.75 - x. 4 + ); 4 - 2 O(9) 2.81 4+x.1-J.: 
00) 2.83 -x. 4 + y. 4 -L O(l0) 2.85 x. c y. 
O(6) 2.85 x. J. : O(13) 2.84 X-f.#-y.-2 
O(7) 2.67 x. y. : 

Angks (“) about the polassrum atom 
O(IkK-O(2) 56.0 O(6k K,O(7) 62.4 
O(IFK O(6) 144.8 0(6kK-O(9) 140.6 
O(I) K-(7) 109.5 O(6) K O(10) 90.0 
O(1) ,Ka(9) 74.4 O(6) K O(13) 66.8 
O(lbKXJ(10) 81.7 O(7) K,-0(9) 119.1 
O(lkKa(13) 147.9 O(7) K-0(10) 146.4 
0(2PK-O(6) 88.9 0(7kK-O( 13) 77.0 
O(2) K O(7) X1.6 0(9hK.0(10) 943 
O(2) Ka(9) 130.5 O(9) K O(13) 752 
O(2) K O(W) 79.1 O(10)K O(I)) I1O.R 
0(2kK-O(13) 153.0 

_- _~.__ 
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gallate 1: 1 compkx [24] which displays a similar stacked 
layer lattice structure in which in-plane cohesion is 
achieved by extensive hydrogen bonding, and the cfTazt of 
alkali metal cations on the self-association of poly- 
phcnolic substrates in aqueous media ([IS. 231: C. M. 
Spmccr. R. Martin, T. H. Lilky. E. Haslam and D. 
Magnolato, unpublished work). Ekaring in mind the 
inherent unczrtaintia involved in extrapolating from 
crystal structure data these findings nevertheless sub- 
stantiate the view that the noncovalent interactions 
mvolving phcnolic substrates in aqueous media probably 
utilizes the range of forces outlined above. In thcu earlier 
paper, Horman and Viam [ 1Y) put forward a model for 
the structure of the caffeme potassnrm chlorogcnatc 
complex as it exists in aqueous solution (Fig 2). The 
model IS conslstcnt with the known ‘stacking’ bchavlour 
of aryl substrates and the magnetic amsotropy associated 

wrth such systems. There IS. moreover, a striking rcscmbl- 
ana (Figs 2 and 4) between this model and the crystal 
structure of the compkx (they differ in the relative 
orientation of the caffeine and olffcoyl rings), such as to 
suggest that compkxa of the type discussed by Horman 
and Viani [ 191 are precursors in crystal formation and 
growth. 

Tabk 4. CalTeintporasswm chlorogenatc compkx. Hydrogen bor& (A) with angks 

about hydrogen and rckvanr symmetry operalon 
-. .- -. 

x. - -Y x- -H H- - Y 
H 

x Y 

O(IpH(14) - - O(l2) 2.58 I.31 I.36 ISI (x. y. 2) 
0(2kH(l3) - O(l3) 2.73 1.16 1.78 135 (-x.y-4, 1-z) 
O(SkH(IS) - - - N(3) 2.w 0.97 209 149 (I. 1 - y, 2) 
0(6pH(16) - - - O(9) 2.79 0.84 2.03 Iso(I+x,y.z) 
0(12kH(29) - - O(8) 2.78 0.94 I .a7 161 (- x - 4. - y. j + 2) 

- 
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Fig. 4. Caffeine powurn chlorogcnatc I: I compkx -layer 
hIlice strlMXure. 

Fig. 6. CatT&c-potassium chlorogcnatc 1: I compkx 
coordmauon around the potassium Ion. 

Fig 5. Caffemc pot&urn chlorofcnate 1: 1 complex hydrogen bndq network. 

Some comment should perhaps finally be made of the charge-transfer bonding [26] and the generally weaker 
particular alternating plane to plane stacking arrange- interactions between polar groups of one component and 
ment of aromatic nucki found in the caffeine potassium a polar&able second component [27]. For weak non- 
chlorogenate and other phenolic-olfleinc complexes [24]. covaknt bonding of this type the princqal feature to be 
n-Mokcular compkxa forma! between aromatic ekc- expaztcd is the juxtaposition of the polariztble groups of 
tron donor and acceptor pairs display the same charac- one component and the polarizabk regions of the second. 
tenstics 1253; however, the UV absorption spectra of the It is interesting therefore to note that in the various 
caffeinephenol complexes examined in these studies phenol-caffeine compkxcs the pboliic groups and as- 
show no evidence of UV charge-transfer bonds. The term sociated nuclei are stacked generally above the six- 
‘pohrtition bonding’has ban used 1253 lo describe both membered ring of the caflizine mokcule. This suggcs~s that 
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& Jo,,_ bo._ 
4a Jb Jc 

in this form of association the IWO components develop 
polar charactcristk of the type shown (4~4~ Sa-Sd). 
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