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lntramolecular hydrogen bonds in the copper(lI) complex with 
cis, cis- 1,3,5-tri [2- (diphenylphosphoryl)ethylamino ] cyclohexane 
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The formation of intramolecular hydrogen bonds in the complex of cis,cis- 
1,3,5-tri[2-(diphcnylphosphoryl)cthylaminolcyclohcxane with thc Cu 2~- cation in different 
solvents has been studied by IR spectroscopy. Conformational analysis of the complex has 
bcen performed. 

Key words: cyclopendant organophosphorus ligands, complexation with the Cu 2+ cation, 
intramolecular hydrogen bond; conformational analysis. 

Studies of  reactions of  cis, cis-l,3,5-tri[2-(diphenyl- 
p h o s p h o r y l ) e t h y l a m i n o l c y c l o h e x a n e  ( L I )  with the 
Cu 2+ ion 

~ _ ~  Q = p(O)Ph 2 

L1 

have demonst ra ted  that the f ive-coordinate  square-py-  
ramidal [CuLI IX 2 complex (X = CI or Br) is formed in 
different solvents with an equimolar  meta l - - l igand ratio. 
The metal ion is bonded to three nitrogen atoms and 
two oxygen atoms of  the ligand, whereas one phosphoryl  
group remains free. ! Although the coordinat ion polyhe-  
dron does not contain solvent molecules,  the structure 
of  this polyhedron dcpends on the nature of  the solvent. 
Two types of  the [CuLI IX  2 complex with different 
spectral parameters  are observed in aprotic (chloroform,  
DMSO,  and acetone) and hydroxyl-conta in ing (metha-  
nol and ace tone - -wa te r  and D M S O - - w a t c r  mixtures) 
media. Thus, in the e lectronic  spectrum, the d - - d  tran- 
sition band is observed at 710 and 740 nm for solutions 
of  the complex in chloroform and methanol,  respectively, 
whereas in the ace tone - -wa te r  mixture, the correspond-  
ing doublet  is observed. In a hydroxyl-conta ining sol- 
vent, the value of  gll (2.281 and 2.331) is smaller and the 
value of  a 1(161 and 142) is higher in the ESR spectra 
than in an aprotic solvent,  while the degree of  covalence 
of  coordina t ion  G-bonds remains unchanged (ct 2 = 0.81). 
Tile IR spectra of  tile complex in aprotic solvents show 
an absorpt ion band of  coordinated  P=O phosphoryl  

groups at lower frequcncics (1135 cm - I )  than those 
observed in hydroxyl-conta ining solvents (I 150 cm -I  in 
methanol) . t  This relationship between the spectral char- 
acteristics of  the complex and the nature of  the solvent 
was not observed when the analogous copper  complex 
with 1 , 4 , 7 - t r i s ( 2 - d i p h e n y l p h o s p h o r y l e t h y l ) -  
1 ,4,7- tr iazacyclononane (L2), which is isomeric to LI,  
was studied (see Ref. 2). 

N N 
\ ~_ N_~..~ ) (~ = P(O)Ph2 

Unlike L2, the LI ligand contains  secondary rather 
than tertiary amino groups. For  this reason, it can be 
assumed that the differences obscrvcd in the behavior of 
copper  complexes result from the formation of  intra- 
molecular  hydrogen bonds in the [CuLI IX  2 complex 
with the part icipation of  amine hydrogen atoms and 
phosphoryl  groups. These bonds may exist in aprotic 
media,  but they are broken in hydroxyl-conta ining 
media.  

In this work, to check this assumption,  the IR spec- 
tra of  solutions of  the [CuLI ICI  2 complex in aprotic and 
hydroxyl-conta ining solvents (in chloroform,  methanol,  
and in deuter ium-subst i tu ted analogs) were studied in 
detail.  To compare  the spectral characterist ics,  the IR 
spectra of  copper  complexes of  model  compounds  con- 
taining, as in the case of  L1, secondary amino and 
phosphory l  groups (d ipheny lphosphory lme thy lcyc lo -  

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 6, pp. 1537--1542, June, 1996. 

1066-5285/96/4506-1466 $15.00 © 1996 Plenum Publishing Corporation 



Hydrogen bonds in copper ( l l )  complex Russ. Chem.BulL, YoL 45, No. 6, June, 1996 1467 

hexylamine (L3) and (2-diphenylphosphoryle thyl)butyl -  
amine (I.,4)) were studied trader tile same conditions.  

NH ; Q = P(O)Ph2 

y Bu~NH 

L3 L4 

The L3 and I.,4 ligands differ, in particular,  in the length 
of the alkylene bridge between the chelating groups, 
which should be variously reflected in their  ability to 
form in t ramolecular  hydrogen bonds. 

To assess the potential  possibility of  in t ramolecular  
H-cycles being closed in the [ C u L l l  complex,  con- 
fo rmat iona l  analys is  was pe r fo rmed  by n to lecu la r  
mechanics.  

Resul t s  and Discuss ion  

Complexat ion of the  LI  ligand with CuCI z. Analysis 
of the IR spectra of  the L I - - L 4  ligands and their  
complexes with CuCI 2 in the region of  v (P=O)  stretch- 
ing vibrations demons t ra ted  that absorption bands of  
both free and coordinated  phosphoryl groups are ob- 
served in the spectra of  all complexes (Table 1). It 
should be noted that when the LI  and L2 ligands react 
with CuCI2, individual complexes of  I : I composi t ion 
are formed, 1,2 whereas under  analogous condit ions,  the 
L3 and I_,4 ligands show variable dentat ion and form a 
mixture of  complexes  of  different composi t ions  and 
different structures (complexat ion of  L3 and I.,4 with 
CuCI 2 is discussed below). Thus, for solutions of  tire 

Table I. The v(P=O) stretching vibration frequencies 
(v/cm -I)  of the phosphoryl group of the LI--I.,4 ligands and 
their complexes with CuCI 2 in chloroform and methanol 

Corn- CHCI 3 MeOII 

pound Ligand Complex Ligand Complex 

LI 1180 1135 s, a 1160 1148, a 
1180m a l 160sh  a 

LT. 1175 1145 s, a 1160 1150, a 
1175 m a 1160 sh a 

L3 1180 1145 w, t' 1160 1150 br b 
1170 s, t' 
1190 sh b 

1.4 1180 1175 br b 1160 1150 br t' 

L4 1 1 8 0  1145,1170 bd" 

a Complex of composition {CuLICI2. t, The solution with a 
CuCI 2 : L ratio of I : 2 contains complexes ordilTerent compo- 
sition and with different structures (see p. 1470), " A mixture 
of the complexes in the presence of excess CuCI 2, Cu : L > 
3 : I (see p. 1470). 

complexes with the b l  and L2 ligands, tile frequencies 
given in Table 1 correspond to the v(P=O) vibrations of  
one type of  [CtlLICI 2 complex in which two phosphoryl  
groups are coordinated and one group is free. I,/" ht the 
case of  solutions containing complexes with the model  
L3 and i,4 ligands, different frequencies correspond to 
different complexes in which the phosphoryl  group of  
the ligand is ei ther coordinated or free. 

As is evident from Table I, tile v(P=O) absorption 
band of  the phosphoryl group of the LI and L2 ligands" 
shifts equally from 1160 to 1148--1150 cm -I upon for- 
marion of  complexes in methanol,  whereas upon com- 
plexation of  the LI ligand in chloroform, this v(P=O) 
band shifts from 1180 to 1135 cm-{; this shift far exceeds 
those observed for the analogous [CuL2JCI 2 complex 
(from 1175 to 1145 cm - I )  and for the complexes of  the 
model compounds (from 1180 to 1145--1150 cm-I ) .  This 
"additional" lowering of  the v(P=O) frequency of  coordi-  
nated P=O groups in the spectrum of  the [CuLIICI  2 
complex in chloroform suggests that a bifurcated interac- 
tion of  tire oxygen atom of  tile phosphoryl group with tile 
metal cation and the hydrogen atom of  the N - - H  group 
occurs in this complex. 

The high-freqtmency regions of  the I R spectra of  solu- 
tions of  the L i ,  L3, and !.,4 ligands and their complexes 
with CuCI 2 are given in Fig. I. In the spectrunt of the 
solution of  the LI ligand in det, terochloroform, the 
v ( N - - H )  vibration occurs as a rather broad absorption 
band with a maximum at 3330 cm - I .  In tile spectra of 
the I_,3 and I_,4 model compotmds,  the analogous absorp- 
tion band is observed. The shoulder at -3400 cm - t  does 
not correspond to the N - - H  stretching vibration, but is 
determined by absorption by traces of water present in 
deuterochloroform used without precision drying.* 

When the [CuLl  ICI 2 complex is formed in deutero-  
chloroform,  the spectrum changes substantially: two 
maxima at 3220 and 3130 cm - t  appear  and, in addit ion,  
the absorption intensity in the 3200--2800 cm - j  region 
increases substant ial ly;  the bands cor responding  to 
C--I-t  vibrations stand out against the backgrotmd of  this 
absorption (see Fig. I, a, spectrum 2). The shift of  
v(NH) absorption bands to the lower-frequency region 
and the increase in their  intensity may be a result of  the 
formation of  the meta l - -n i t rogen coordinat ion bond 3,4 
without any other  interactions. Therefore,  spectrum 2 
(see Fig. I, a) is not an unambiguotls indication of  the 

* In the spectnml in deutcrochloroform, weak absorption 
bands at 3620 and 3690 cm - I  attributable to free molecules of 
residual water are observed. When dissolved in CDCI3, the 
compounds stt,died form aqtmcomplexcs with residual water, 
which results in a change in the absorption bands of water 
(3400 cm - I )  and o£ the N- -H groups of the ligands (broaden- 
ing of the band in the 3300 cm - I  region). Note that when the 
concentration of the soh,tion of  L2. is changed from 0.5 to 
0.01 mol L - I ,  the N--H band shows no changes either in 
position or intensity (Cd = const), which supports the validity 
of  the interpretation made. 
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hate (CuLl  ]CI 2 complex ill chloroform: two out of three 
groups have addit ional  interactions and one group is 
involved only in coordinat ion.  Both coordinated phos- 
phoryl groups are also involved ill addit ional interac- 
lions, which may be two intramolect,  lar hydrogen bonds 
in tile complex 

N--H-..O=P 
• ..." 
~'U2+ 

One phosphoryl group of the ligand moiety remains free. 
The IR spectrum of  the ICuLI ICI  2 complex ill 

d e u t e r o c h l o r o f o r m  is no more  in tense  in tile 
3150--2800 cm - t  region than that of tile ligand (see 
Fig. I, b, spectra I and 2). Therefore,  the NH vibration 
band occurs at higher frequencies and is hidden by the 
broad intense band with the maximum at 3350 cm - t .  
Besides NH absorpt ion,  this band includes the OH 
absorption of  the water molecule  that is contained in 
commercia l  samples of  deuteromethanol .  Tire spectra of 
the L3 ligand and the CuL3 complex (see Fig. I, b, 
spectra 3 and 4) may.be character ized analogously. The 
differences observed between the spectra of the (CuLl  ]CI 2 
complex in methanol  (and in any hydroxyl-containing 
solvent) and the spectra of  this compound in chloroform 
(an aprotic solvent) are reasonably attr ibutable to the 
absence of  in t ramolecular  hydrogen bonds in methanol ,  
which solvates mainly througll H bonding. Apparently,  
when the solvation shell of tile complex is formed ill 
methanol,  the donor  groups of  tile ligand moiety form 
intermolecular  H-bonds  with the solvent molecules, 
whereas when the complex is dissolved ill methanol,  
in t ramolecular  H-bonds  appear  to be more energetically 
favorable. 

Note that formation o f i n t r a c o m p l e x  H-bonds may 
result ill slight changes in the character  of  tile planar 
coordinat ion bonds as well as in a slight distortion of the 
structure of  the coordinat ion polyhedron.  Both these 
factors may produce changes in the spectral parameters 
of the complex ,  which occur  when the solvent is 
changed. I 

Therefore,  of the three ligands studied (LI ,  L3, and 
I_A), which have the same fimctional groups ( N - - H  and 
P=O), only LI  forms an intramolecular  hydrogen bond 
when it coordinates  with the Cu 2+ cation ill aprotic 
solvents. Ill the case of the L3 and I.,4 model com- 
pounds, regardless of  the length of tile alkylene bridge 
between tile P=O and N - - H  groups, no hydrogen bond 
in the complex  is formed. It may be suggested that 
formation of  the (CuLl ]  complex cause two pairs of 
P=O and N - - H  groups to be brought into proximity; in 
this case, interact ions between these groups do not 
require addi t ional  expenditure of energy. Apparently,  
the copper  complexes  of  tile L3 and 1,4 ligands have 
different (less rigid) structures; in this case, formation of 
tile H-cycle  is not favored by the conformation.  

Con[ormational analysis of the (CuLl]  complex. The 
conformation energy of  tile {CuLl]  covnplex was calcu- 

lated by molecular mechanics (the MMX-88 program, 
PC Model, Serena Software, Bloomington, IN). The 
geometry of the metal polyhedron was based on the 
experimental  data on tile square-pyramidal  structure of 
the complex with one hydrogen atom ill all axial posi- 
lion, two oxygen atoms ill equatorial positions, and two 
nitrogen atoms in equatorial positions. I Because one 
phosphoryl group remains uncoordinated,  the complex 
may occur as two isomers that differ ill the position of 
Ihe free phosphoryl group. Ill tile first case, tile uncoordi-  " 
hated phosphoryl group is attached to the equatorial  
nitrogen atom, whereas in the second isomer, this group 
is bonded to the axial uitrogen atom. Calculat ions were 
performed for both isomers• 

The structures of the complexes were opt imized with 
tire given coppe r - -dono r  atom distances (see Ref. 5): 
the lengths of  the equatorial  C u - - N  bonds, tile axial 
C u - - N  bond, and the equatorial  C t , - -O bonds are 
2.029 A, 2.299 3,, and 1.947 A, respectively. The bond 
lengths were fixed with the elastic constant equal to 20. 
Calcula t ions  demonst ra ted  that the absolute energy 
minima corresponding to stable conformations of  the 
complexes (lifter by only I.I kcal tool - I ,  which gives no 
way of choosing reasonably between the models. How- 
ever, the coordinat ion polyhedra of the complexes differ 
substantially. Tile polyhedron of the first model of  tire 
complex with the uncoordinated phosphoryl group in all 
equatorial  position is a distorted square pyramid,  which 
is in agreement with the results of the experiment ,  t 
whereas the polyhedron of the second model is close to 
a t r igonal  b ipy ramid :  the N ( 3 ) - - C u - - O ( I )  angle  
(Scheme I) is 150 ° . 

Scheme ! 

N(3) 
N(4)---, Clu l  O(2) 
N(5) f ~O(1) 

This structure of tile polyhedron contradicts  the experi-  
mental data, therefore, hereinafter we analyze tire first 
model of the complex. 

The values of tile angles of the coordinat ion polyhe- 
droll of the complex,  which is a distorted square pyra- 
mid ill which the copper  atom is above tile plane of  the 
base (see Scheme I), are as follows: N ( 3 ) - - C u - - O ( 2 )  
107.17°; N ( 3 ) - - C u - - O ( I ) 8 3 . 0 1 ° ;  N ( 3 ) - - C u - - N ( 4 )  
87.70°; N ( 3 ) - - C u - - N ( 5 )  94.14°; N ( 4 ) - - C u - - O ( I )  
167.70°; N ( 5 ) - - C u - - O ( 2 )  158.37°; O ( 2 ) - - C u - - O ( I )  
88.21°; N(4) - -Cu- -O(2)86 .85° ;  N(4 ) - -Cu- -N(5)90 .45° ;  
O ( I ) - - C u - - N ( 5 )  I I 2.42 °. Tile bond lengths remain equal 
to the given values (see above). 

Tile conformation of  tile complex in the region 
around tile absolute minimum is shown in Fig. 2. The 
uncoordinated phosphoryl group and tile nitrogen atom 
bonded to this group are separated by 3.35 A. Tile 
distances between the pairs of the coordinated nitrogen 
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P H :H ~,5_ 
/ '~ ; ~N(4)  

( w"-.~.X it)o ,,-N!5) 
I i \ / /  / \ x _ . _ ,  
V .P H l / - ' ~  

Flg. 2. Confonnation of Hie [CuLl] complex in the region 
around Hie absolute minimum. The O(I)--N(4), O(2)--N(3L 
and O(6)--N(5) distances are 2.76 A, 2.84 A, and 3.35 A, 
respectively. 

and oxygen a toms  are 2.76 and 2.84 A, which is opt i -  
m u m  for hydrogen bonding.  The typical  N - - O  distances 
in the N - - H . . . O  bonds are 2.90+0.10 /~.6 Therefore,  
because o f  coord ina t ion  requirements  o f  the metal  a tom,  
ideal condi t ions  for the format ion  o f  two intraligand 
( in t racomplex)  hydrogen bonds occur  during complexa-  
t ion o f  the coppe r  ca t ion  with the LI  ligand. For  the 
third hydrogen bond to be formed,  it is n e c e s ~ r y  that 
the oxygen a toms  o f  the uncoordinated phosphoryl  group 
and the ni trogen a tom come within a distance of  2.90 A. 
The strain energy o f  this confo rmer  is 4.4 kcal tool - l .  
Therefore,  format ion  o f  the third in t ramolecular  H-bond  
is energet ica l ly  less favorable, which is in agreement  
with the exper imenta l  results. 

The case o f  the formatiort  o f  in t ramolecula r  hydro-  
gen bonds in the complex ,  which we discussed,  is one 
example  o f  the mutual  influence o f  two effects: coord i -  
nat ion and hydrogen bonding. The bes t -known example  
is the format ion  o f  an H-bond  in metal  dioximates  in 
which coord ina t ion  o f  the ligand is favorable for forming 
an H-bond ,  which affects the s tructure and,  therefore,  
the proper t ies  o f  the complex  compound .  7-9  

Complexation of Ihe L3 and L4 model compounds 
with CuCI z. When  the I.,3 and IA ligands react with 
CuCI2 in deu te roch loroform,  stable coord ina t ion  occurs  
mainly  through the ni t rogen a tom.  This is evidenced by 
the appearance  o f  the N ~ C u  charge transfer in the 
280--290 tun region o f  the UV spec t rum as well as by 
the change in the CH stretching absorpt ion bands in the 
IR spec t rum.  It is known that the s t re tching vibrat ion 
frecittencies o f  the CH groups bonded  to the ni t rogen 
a tom increase upon  coord ina t ion  o f  this a tom. For  the 
compounds  considered,  the d i ~ p p e a r a n c e  o f  the absorp- 
t ion band at ~2800 c m  - I  (see Fig. 1, a, spectra  4 a n d  6) 
is most readily noted.  Previously, we observed analogous 
evidence o f  coo rd ina t i on  o f  the ni t rogen a tom.  !.2 

Coord ina t ion  o f  the phosphoryl  group is less stable 
and depends  on  the metal  : l igand ratio in the react ion 
rnixture. An  intetase rather  broad absorpt ion  band with a 
max imum at 1180 cm - I ,  which corresponds to the phos- 

phoryl group vibration,  is observed in tile Spectra o f  tile 
fiee !.,3 and IA ligands. With the metal  : ligand (M : L) 
ratio o f  I : I, complexes  in which the ligand is coordi -  
nated only  through the ni trogen a tom are observed 
spectroscopical ly .  II1 the spec t rum of  the so lu t ion  o f  the 
CuCI 2 complex  with L3 with M : L = 1 : 2, three 
bands are observed: ! !45  (a medium intensi ty band),  
!170 (an intense band),  and ~1190 cm - I  (a shoulder) .  
The first o f  these bands corresponds  to a coordina ted  
phosphoryl  group; the value o f  the shift o f  v (P=O)  is 
typical o f  copper  complexes  (see, for example ,  ICuL21, 
Tablc I). The second split band indicates that the solu- 
t ion contains  complexes  in which coord ina t ion  occurs  
through the ni trogen a tom,  while the phosphoryl  group 
remains free. In ch lo rofonn ,  free coord ina t ion  sites in 
complexes  o f  this type may be occupied  by the CI -  
anion. In the UV spect rum,  the absorpt ion  band in the 
350 nm region corresponds  to C u - - C I  coordina t ion .  
The d - - d  t ransi t ion band is observed at 750 nm. 

In the case o f  the I..4 ligand, coord ina t ion  o f  the 
phosphoryl  group to the copper  ca t ion  becomes  not ice-  
able only with the ratio M : L > 2 : I ; in this case, the 
absorpt ion band o f  tire P=O groups broadens  and has a 
maximum at 1170 cm - t  and a shoulder  at 1145 cfn - I .  
In the UV spect rum,  the d - - d  t ransi t ion band is ob-  
served at 710 nm with the ratio M : L = 1 : 2; this 
band shifts to 780 nm in the presence o f  excess CuCI 2. 

Therefore,  when the L3 and IA ligands react with 
CuCI 2 in ch loroform solut ions,  complexes  o f  different 
composi t ion  and /o r  with different structures are formed. 
In all complexes ,  the ni t rogen a tom o f  the ligand is 
coordinated ,  whereas the phosphoryl  group may be 
coordinated  or free. In the !_,3 ligand, coord ina t ion  of  
the P=O group occurs  more  readily than in the I.,4 
ligand. Instead o f  the P=O group,  the C I -  anion is 
incorporated into the coord ina t ion  polyhedron.  

During complexa t ion  in methanol ,  a mixture o f  dif- 
ferent complexes  also forms; in these complexes  coordi -  
nat ion o f  the ni t rogen a tom of  the l igand is always 
observed, whereas the phosphoryl  group may remain  
free (see Table 1). Unlike ch loroform solut ions,  the 
coord ina t ion  sphere o f  the copper  ca t ion  in methanol  
solut ions contains  solvent molecules  rather than tire CI -  
anion.  A change in the compos i t i on  a n d / o r  in the 
structure o f  the complex  according to the M : L ratio 
was noted from the shift o f  the d - - d  band to the long- 
wave region within 740--780 nm when the concen t ra -  
t ion o f  CuCI 2 was increased.  

Therefore,  studies o f  the model  L3 and 1.,4 c o m -  
pounds and their  complexes  with CuCI2 demons t ra t ed  
that none o f  the spectral  changes that are observed in 
the case o f  the [CuLl ]  complex  occur  upon  coord ina-  
t ion o f  the ni trogen a tom.  It was also demons t ra t ed  that 
the presence o f c oo rd ina t e d  N - - H  and P=O groups does 
not necessari ly lead to the fonna t ion  o f  in t ramolecu la r  
H-bonds  in the complex .  
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Experimental 

IR spectra of  solutions of  the ligands and their complexes 
wiih different concentrations (C = 0.5--0.0018 tool L -I)  were 
recorded on a Specord M-80 or UR-20 spectrometer. Cells 
with different path lengths (,4) were used to keep the value of 
the Cd product constant. Electronic spectra were measured on 
a Specord M-40 spectrometer with the use of quartz cells with 
a I cm or 0.1 cm path length. The 31p NMR spectrum was 
oblained on a Bruker WP 200 SY instrument (80.3 MHz) in 
CDCI 3 (85 % H3PO 4 solution was used as the external 
standard). 

The solvents, detlterochlorofoml and deuteronlethanol (both 
of reagent grade, the concentration of the isotope was 99.3 %), 
were used without additional purification using standard proce- 
dures. Reagent-grade methanol and chloroform were purified 
using standard procedures. 

Synthesis and purification of  the LI ligand were described 
previously. 10 

Diphenylphosphorylmelhyleyclohexylamine (1.3) was synthe- 
sized and purified using the known procedure. It M.p. 
90--92 °C. Found (%): N, 4.3; P, 10.0. CIgH24NOP. Calct|- 
lated (%): N, 4.5; P, 10.0. 

(2-Diphenylphosphorylelhyl)bulylamine (tA) was synthe- 
sized using the procedure described previously Iz and recrystal- 
lized from a benzene--pentane mixture. M.p. 141--143 °C. 
Found (%): C, 71.5; H, 8.1; N, 4.6; P, 10.2. CtaH24NOP. 
Calculated (%): C, 71.7; H, 8.0; N, 4.6; P, 10.3. 31p NMR, 
6: 28.34. 

Chemically pure anhydrous copper chloride, CuCI2, was 
additionally dried at 100 °C in vacua. 

Solutions of the complexes in deuterochloroform were 
prepared by the addition of  the calculated amount (using the 
ratioM : L = I : I o r l  : 2) of the crystalline anhydrous salt 
CuCI~ to a solution of  the ligand with a concentration of  
0.5--0.0018tool  L -I .  Complexes in deuteromethanol were 
obtained by mixing solutions of  the ligand and CuCI 2 with 
known concentrations. 

This  work was f inancia l ly  suppor ted  by the  Inter,ra-  
tional Sc i ence  F o u n d a t i o n  ( G r a n t  M J N  300). 
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