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Metal Promoted Hydration o� Di.-2-Pyridyl Ketone 

Introduction 

The me tal promo ted hydr ation of Di-2-Pyridyl Ke tone (DPK), h as 

been of in teres t for some time in th at i t  falls in to a r are class of 

lig ands th at undergo re ac tion upon coordin ation to a tr ansi tion me tal 

ion. Me tal promo ted hydr ation here me ans th at the c arbonyl linkage of 

the ke tone h as undergone hydr ation to the diol form because the DPK is 

coordin ated to a me tal. Fig. 1 illus tr ates the hydr ation process. 

This is of in teres t bec ause i t  is well known th at ke tones do no t nor-

m ally undergo hydr ation unless they are flanked by very s trong 

elec tron wi thdrawing groups such as chloride or fluoride. 

Fig. 1 :  DP.DPI-bydrate 

0 
II 

Grc'O 

Special men tion mus t be made here abou t the role of the me tal 

ion in th at this hydr ation reac tion should no t be confused wi th a 

c a taly tic reac tion. In this sys tem, DPK becomes coordin ated to the 

tr ansi tion me tal and remains in the complexed form throughou t the 

hydr ation re.ac tion of the ligand and remains attached there af ter. 
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I t  h as also been found th at when DPK is coordin ated to a met al 

ion in t�e hydr ated form, i t  behaves in a triden tate f ashion in that 

one of the oxygen atoms from the diol group forms a bond to the me tal 

in the " axial" position. This third bond is very in teres ting in that 

the oxygen bonds in an unusual off axis posi tion m aking an angle wi th 

the line normal to the equ a torial pl ane (see Fig. 2). In 1:2 com

plexes of me tal ion wi th DPK there is the possibili ty of pseudo

oc t ahedral coordin ation abou t the me tal ion. 

Fig. 2: Illustration or orr axial coordination or 

the byclrozyl group 

This s tudy w as under taken in an at temp t to gain addi tional in

sigh t in to this in triguing sys tem in hope th at a be tter unders tanding 

of how this system works could be ob tained. Work was under taken in 
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Historical Perspect�ve 

N.N ys. N�Q-Coordination 

F rom the fi rs t  repo r t  of transi tion me tal complexes of DPK to 

appea r in the lite ra tu re onwa rds, the re has been discussion as to the 

mode of coo rdina tion for DPK. As can be seen f rom F ig. 1, DPK has the 

po ten tial to bond ei the r through one n1 trogen a tan and the ca rbonyl 

g roup (i.e. N, 0 co ordina tion) o r  th rough bo th nit rogen a tans (i.e. 

N, N coo rdina tion). I t  is no t obvious which mode is p refe rred o r  

whe the r a mix tu re of bo th would resul t. R. R. Osbo rne and W. R. 

McWhinnie concluded in 1967 tha t a mix tu re of N, O and N,N coordinated 

complexes would resul t when they fi rs t  repo r ted compounds of DPK com

plexed to a me tal ion (exclusively wi th coppe r) , 1 

By s tudying the shif t of the DPK ca rbonyl s tre tching f requency 

in ·the infrared spec t rum and compa ring i t  w ith inf ra red da ta fo r 

2-benzoylpy ridine (see Fig. 3), a l igand which is known to chela te 

th rough the n i trogen and the oxygen of the ca rbonyl, M.C. Felle r and 

R. Robson argued in 1968 tha t the inf rared band for C:O had d isap

pea red comple tely in the DPK complexes which they att ribu ted to hyd ra

t ion or  al cohola tion across the ke tonic double bond.2 S ince the band 

fo r C:O in 2-benzoylpyrid ine is ( 1663- 1567 cm- 1), it followed tha t the 

band for N, O-coord ina tion of DPK should be in th is same ne ighborhood 

if indeed the DPK l igand was coo rdina ting in such a fash ion. They 

_found- no such band in the spec trum of the DPK compounds. In- the i r  

work w i th cop per they found tha t the inf ra red spec tra along w i th the 



5 

e.s. r. spec tra clea rly ind ica ted a coppe r envi ronmen t of fou r 

equivalen t ni trogen a toms lead ing th em to conclude tha t DPK was 

bond ing in a N, N-fashion ra ther than N, O- in a queous solu tion. 

Fig. 3 : 2-benzoylpyridine 

Included in a s tudy of DPK· coo rd ina tion w i th Co, N. i, and Fe, 

V. Ra ttanaphan i and W. R. McWhinnie in 1973 men tion the poss ible 

N, O-coo rd ina tion of DPK to a me tal ion.3 In an Iron( I I I) perchlo ra te 

tris- DPK compound formula ted as [Fe(pyCopy)(p yC(O E t)OHpy)2 ](Cl04)·H20 

they found no f ree ca rbonyl a bsorp tion a t  1690 cm- 1  bu t ins tead a band 

no t pr� iously obse rved in the spec trum of a DPK complex was observed 

a t  1530 cm� 1. They argue tha t the only reasonable �ss ignmen t for the 

obse rved v ib ra tional mode a t  1530 c m- 1  is the carbonyl s tre tch ing 

f requency fo r a molecule of DPK tha t is N, O-coo rd ina ted to the me tal 

ion. I t  mus t be no ted that the sol yen t employed was absolu te e thanol 

ra ther than wa te r. They do ass ign N, N-coord ina tion to o ther repor ted 

compounds us ing a rgumen ts s im ilar to those of Felle r e t  a1.2 
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By me ans of po ten tiome try and s pec tropho tome try, Fischer and 

Sigel in 1975 we re able to s tudy the beh av io r  of DPK in the absence 

and p resence of me tal ions and make the following conclusion: Indeed 

the re is conside r able evidence th at in the low p H  r ange me tal ions 

coo rdina te in aqueous solu tion to the two nit-roge�atans of DPK, 

f acili ta te the addi tion of w ate r to the ke to moie ty, and coo rdin a te at  

a somewh at higher pH also to a depro tona ted hyd roxy g roup of the 

gemin al diol.4 No t only suppor ting the sugges tion of N,N-coo rdin a tion 

in aqueous solu tion tha t w as p reviously ou tlined bu t also p resen ting 

two fu r the r sugges tions of hyd r ation and triden ta te coordin a tion (bo th 

of which will be discussed in following sec tions). Fischer and Sigel 

are the las t to address the issue of N,N- vs. N,O-coo rdin ation 

di rec tly. 

Following this paper, N, N-coo rdin a tion of DPK is p rese n ted 

only indi rec tly by th ree se ts of au tho rs, e ach group . working 

independen tly.5,6,7 E ach of these three pape rs repor t DPK molecul ar 

s truc tu res de te rmined by X- ray diffr ac tion and though it is no t 

di rec tly no ted, the s truc tu res th emselves show ·DPK coordin ated to the 

me tal ion via N, N-coo rdin a tion which. once ag ain suppor ts the pr em ise 

of N,N-coordin a tion of DPK to a me tal ion. 

As c an be seen from the li te ratu re, there is cons ide rable sup

po r t  fo r N, N-coordin ation being the prefe rred mode of chel ation for 

DPK. One ins tance of N,O-coordin a tion w as men tioned above, however 

th at p ar ticul ar s pecies with a few o thers reported appe ar to be 
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isola ted cases tha t a re no t well documen ted. Al though mos t  repo r ts or 

N, N-coo rdina tion we re f rom sys tems where the solven t con tained wa te r, 

the re we re also seve ral repo r ts or N, N-coordina tion in non-aqueous 

s ys tems too. Hence, N, O-co� rdina tion or DPK is no longe r though t to 

take place to any g rea t ex ten t wi th me tal ions in solu tion. 

Carb9nyl Hydration ana Tridenta te Behayior 

By vir tue or DPK's abili ty to unde rgo a hyd ra tion reac tion 

wi th coo rdina tion to a me tal ion, which was illus tra ted in the in tro

duc tion (see Fig. 1), the DPK ligand can become triden ta te af te r  ini

tially being biden ta te. The fi rs t  to sugges t tha t a reac tion such as 

hydra tion may be possible af te r  coo rdina tion for the DPK ligand was 

M.C. Feller and R. Robson in 1968.2 As s ta ted in the p revious sec

tion, they observed the comple te disappea rance or the ca rbonyl band a t  

1 690 cm- 1  which they a ttribu ted to hyd ra tion o r  solva tion ac ross the 

ke tone double bond. In a pape r tha t followed f rom thei r labo ra tory, 

also on the DPK sys tem, they sugges ted tha t i t  is possible fo r one of 

the hydroXy g roups of >C(OH)2 to coo rdina te to the metal ca tion, the 

DPK 1 igand now behaving in a triden ta te fashion. 8 

In a follow-up s tudy Felle r and co- worke rs inves tiga ted DPK 

complexed wi th seve ral transi tion·me tals including Co, Fe, and Ni. 

They found the disappea rance of the ca rbonyl s tre tching f requency at 

1 690 cm- 1  in the inf rared spec trum to be cha rac te ris tic of seve ral of 

. these complexes and led them to s ta te in thei r conclusion tha t DPK can 

func tion as a triden ta te l igand. The refore, the metal ca tion may 
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possess a pseudo-oc t ahedral tr ans N402 lig and field by vir tue of the 

hydr ation r� action.9 

C9ncurring with Feller and Robson, Fis�her and Sigel s ta te in 

a 1975 p aper th at DPK exis ts in aqueous solu tion as the ke tone and no t 

the diol. 4 They arrived a t  this conclusion from an I. R. spec trum of 

DPK (5%) in D20 ( a  neu tral solu tion) which showed a b and at 1667 c m- 1  

( i.e. C :O). This evidence along with Feller and Robson's observ ation 

of the similarity of the U.V. spec tr a of DPK in H20 and in anhydrous 

die thyl e ther2 helps confirm the ide a th at 

me tal does the carbonyl of DPK hydr ate 

only in the presence of a 

to a signific an t exten t and 

th at the presence of H20 alone w ill no t cause DPK to hydr ate. Hence, 

a mos t in teres ting feature of the DPK ligand c an be seen in that it 

undergoes a tr ansform ation under the influence of a met al ion to a 

species more sui table for me tal coordin a tion. Possessing three sites 

for coordin a tione e ach, two hydr ated-DPK lig ands could produce ·an N4o2 

oc tahedral coordin at ion sphere for a me tal ca tion. 

A paper by Annib ale e t  al. in 198 1 reported two quite impor

t ant det ails.5 Firs t, concerning the hydra tion reaction they reported 

an experiment in which they a ttemp ted to ascer tain whe ther hydr ation 

occurs only after coordin ation of DPK to the me tal ion or whether it 

could also occur during the process of coordin a tion. By monitoring 

the progress of the re action spec trophotometric ally they de termined 

th at the complex with the lig and in its keto-form was found firs t and 

then re ac ted with w ater to give the hydr ated species quantia tively. 



9 

Second, concerning the triden tate behavior of DPK, they present the 

firs t molecular s truc tures of a Pd(DPK) complex and a Au(DPK) complex 

de termined by single crys tal X-ray diffr ac tion. E ach met al ion is 

shown to be involved in a we ak long-range in ter ac tion with the oxygen 

of one of the hydroxy 1 groups (e. g. [Au - 0 = 2. 77'( 1 ) i ] and [Pd - 0 = 

2.82 4(6)i ]) result ant from the hydr ation of the c arbonyl of DPK. 

Thus, the DPK lig and is bonded in a trident ate r ather th an biden tate 

f ashion. An interes ting observ ation poin ts out that the met al ion-

oxygen in ter ac tions are no t ex actly in the coordin ation pl ane of these 

two complexes. In f ac t  there is qui te a bi t of dis tortion in th at an 

angle of 29.90 is m ade by the Pd - 0 vec tor to the equ atorial coor

din ation pl ane in the Pd(DPK) complex and an angle of 27.20 is m ade by 

the Au - 0 vec tor in the Au(DPK) complex. Although the triden tate be

h avior of the hydr ated DPK m ay not be surprising, it is surprising to 

see the oxygen coordin ation m an ifested in such an unusual off axis 

m anner. 

Reporting the next molecul ar s truc ture involving DPK, P.K. 

Byers and co- workers presen t an AuMe2 complex sim ilar to the Au( I II) 

complex mentioned previously.6 There ag ain appe ars to be a we ak coor

din ation inter ac tion between the Au(I II) center and one of the hydroxy 

groups resulting from the hydr ation"of the carbonyl, even though the 

Au - 0 = 2.850(8)i dist ance here which is slightly longer th an the Au 

- 0 = 2.77( 1)i dist ance in the Au( I II) complex reported by Annib ale et 

al.5 Hence, DPK is shown to bond in a triden tate f ashion and upon 
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examin ation of the experiment al sec tion of the s tudy one c an see th at 

the oxygen coordin ation is in an unusual off axis position. 

Th-e firs t reported s tructures of DPK we�e 1: 1 metal· ion to DPK 

lig and, however, in 1986 there were three 1:2 complexes reported in

volving DPK with Ni S04, CuCl2, and Cu(NQg)2.7 The s tructures, de ter

mined by single cryst al X-r ay diffr ac tion, show th at in all c ases the 

keto group of the DPK h as undergone hydr ation and th at e ach hydr ated 

DPK bonds with the met al in a triden tate f ashion to form a complex 

which con tains an oc t ahedral tr ans N4 � lig and field. These au thors 

not only poin t ou t the trident a te behavior of the hydr ated DPK but 

also the app aren t distor tion of the oct ahedral symmetry by the coor

din ation of one of the hydroxyl groups from e ach lig and in an unusual 

off axis position forming an angle be tween the line from the met al to 

the oxygen :and normal to the e qu atori al pl ane of about 4 1  o and 250 in 

the nickel and copper complexes, respec tively. In addition.to the 

steric requirements imposed by the lig ands, these authors argue th at 

the Jahn- Teller effect usually inhibi ts the form ation of ide al oc

t ahedral configur ations in d9 syst ems must be considered. 

The mos t recen t paper published in which compelxes of DPK in 

the hydr ated form are discussed is by Newkome et al. 10 Discussion is 

centered around the comparison of the lig ands 2 ,2-bis(6-methyl-2-

pyridyl)- 1,3-dioxolane (Fig. 5) and 2,2-bis(2-pyridyl)- 1,3-dioxol ane 

(Fig. 4) with th at of DPK in the hydr ated form since Fig. 4 and Fig. 5 

possess a spiroket al function th at c an mimic the hydr ated form of DPK. 
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They found th at indeed these an alogues behaved in a simil ar m anner as 

f ar as coordin ation though obviously hydr ation did no t t ake pl ace. 

Isol ated from non- aqueous solven ts were twelve differen t compounds of 

which only four were s table enough for single cryst al s tudies. Upon 

examin a tion of the four s truc tures presen ted (formul ated as A: 

( �0)3 ] Cl2) e ach me tal ca tion h as an oxygen from the 

dioxol ane lig and occupying a posi tion ne ar the axial si te, hence 

providing the me tal ion with a pseudo-oc tahedral geome try. Al though 

the focus of the s tudy was to inves tig a te the s truc tural features of 

Ni ( I I), Co ( I I), and Cu ( I I) with lig ands 4 and 5, these an alogues of 

DPK show a m arked resembl ance in -triden tate behavior with .the coor-

din ation of the oxgyen in an unusual off axis posi tion on the met al 

ion. 

Fig. ': 2,2-bis(2-pyridyl)-1 ,3-d:l.omlane 

1\ 
0 0 

Fig. 5: 2,2-b:l.s(6-metbyl-2-pyr:l.dyl)-1 ,3-dioxolane 

Me He 
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Thus wi th DPK analogues exhibi ting similar coordina tion 

behavior, the fin al area to explore will be the possible driving force 

behind this uni que sys tem. 

The Driying Force Behind the DPK Hydration 

As a possible driving force for the hydr ation of the DPK 

lig and, Feller and Robson firs t pos tula ted th at the replacemen t of the 

s p2 carbon by an sp3 ( te trahedral) allows the ligand to adop t a more 

deformed bu t never theless angle - s train-free configura tion in which 

the alph a hydrogen a tans are r aised fur ther above the copper N2 plane 

th an is possible in the ke tonic lig and thereby reducing in terference 

wi th o ther lig ands.2 Though no t di.rec tly s ta ted, they were _obviously 

concerned wi th 1:2 me tal to ligand complexes since there would be no 

s teric in ter ac tion be tween alph a hydrogens in 1: 1 complexes. This 

pos tula te w as res ta ted in their next publica tion on the DPK sys tem as 

follows: a process, such as ke tone hdyra tion, in which the trigonal 

ke tonic carbon of DPK is replaced by a te trahedral ce.n ter may be ther

modynamically favored in the presence of the me tal ion in tha t i t  en

ables the ligand to coordina te by the maximum number of s trong me tal

ni trogen bonds wi thou t in troducing a t  the same time the serious non

bonded repulsive in terac tions wi th trans ligands or angle s train which 

would accompany simil ar a ttachmen t of an unhydra ted DPK uni t.B 

Taking issue wi th Feller and Robson, Fischer and Sigel argued 

tha t in ter ac tion of the alpha-hydrogens of the pyridyl moie ties canno t 

be the ac tual re ason for hydra tion as i t  occurs also in 1: 1 complexes, 
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and there is no such steric in ter ac tion present.4 A tomic models reve al 

th at the form ation of a pl an ar 6- membered ring between DPK and a met al 

ion is difficul t, while the form a tion of the chel ate in a bo at form 

with the me tal ion and the c arbonyl group above the pl ane. defined by 

the o ther four members of the ring is more e asily . achieved (see Fig. 

2). Should the coordin ation occur in this w ay, the pl anarity is 

des troyed by it's coordin ation and as a result the hydr ation of the 

c arbonyl would be f acili tated. In addi tion, if the sp2 c arbon of the 

c arbonyl is repl aced by an sp3 c arbon of the gem in al diol the str ain 

within the 6- membered chel ate is reduced. 4 

Suppor ting this propo sal of Fischer and Sigel were the firs t 

t w9 s tructures of met als wi th DPK determined by single cryst al X-r ay 

diffr action published by Annib ale e t  al.5 Bo th s tructures show th at 

the met al ion ring is indeed a six membered ring in the bo at form. 

The Pd(DPK) and Au(DPK) complexes are 1: 1 in met al to lig an� which 

also refu tes the alph a-hydrogen argu ment for there is not a steric 

problem 

th at an 

and hydr ation h as also occurred. The authors also postul ate 

additional driving force for the met al promoted hydr ation 

might result from an in ter action of the hydroxol-group or the X-group 

of C(OH)X wi th the central metal, ( i.e. trident ate coordin ation). 

Providing further r ationale for the coordin ation beh avior of 

DPK and the driving force behind the hydr ation re action, P.K. Byers 

and co- workers in 19856 inves tig a ted the coordin ation beh avior of DPK 

as i t  compares wi th 2-pyridyl N- me thyl-2-imid azolyl ketone, (P IK), and 

·44ZZ15 
r JDb A. 
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. di ( �methyl-2-imidazolyl) ke tone, (D IK) (Fig. 6 and Fig. 1). They 

found th at DPK reac ts with Au ( I I I)Me2 and Ni ( I I)N� in w ater to form 

complexes involving hydration of DPK and coordination as DPK H2o. 

Howeve r, the ke tone containing the imidazolyl rings (i.e. DIK and P IK) 

reac t with Au ( I I I)Me2, Ni, and Cu ni tr ate under identi cal conditions 

to form complexes of ketones withou t hydr ation. �tal-nitrogen dis

t ances of about 2.0i require the disrup tion of planarity of the ketone 

with loss of the c arbonyl conjug ation4,5 or retention of planarity 

with poor overlap of the nitrogen lone p airs with the metal orbit als. 

Repl acement then of the pyridyl rings wi th the imidazolyl rings, 

h av ing smaller angles within the ring, is expec ted to increase the 

dis tance between the nitrogen donor atans, and to give direction of 

ni trogen lone pairs more consis ten t with metal-nitrogen dis tances of 

abou t  2.oi and nitrogen-me tal-nitrogen angles of about go.oo.6 Thus, 

with ligands that are ne ar the correct bi te size, no conform ation al 

ch ange (e.g. hydration of the c arbonyl) is neces sary for chelati on to 

occur. These results are again consis tent with the pro po sal th at DPK 

readily �dr ates so that a six-membered chelate ring in the st able 

boat conf igur ation c an be obt ained. 

Fin ally, the three 1:2 DPK structures repo rted by Wang et al.7 

which show the prominent off axis distor tion of the hydroxy group in 

the axial positions, demons tra tes that the driving force behind the 

hydr ation of the carbonyl may not simply lie in conformational . change. 

O ther effects such as the Jahn-Teller effect for d9 species as well as 



Fig. 6: 2-pyr1c171· �met.byl-2-:lllidazolyl Ketone, PII 

He 

o--4 3 
��' N)l 5' 

5 c � 4' 
6 

Fig. T: di( B-aet.byl-2-:lllidazolyl) Ketone, DII 

15 

o ther in ter ac tions peculi ar to the me tal cation m ay need to be 

_considered. 7 
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Expert.ental Results-

A t  the ou tset it w as decided th at this study would concen tr ate 

on 1:2 me tal ion to DPK co mplexes co mbined in aqueous solu tion since 

the liter ature to d ate h as been a t  bes t ske tchy on this type of DPK 

sys tem. To achieve this UV-visible spec tros copy, infrared spec tres-

copy, elemen tal analysis, X-r ay powder pat terns, and single crys tal 

X-r ay diffr ac tion were all employed. Experimen ts were performed in 

e ach of these areas and the resul ts will be reported in the text th at 

follows. It will be noted th at all of the solu tion work is focused 

around cu2+ and Cr3+. Copper ( I l) w as selec ted for study bec ause ex

tensive solu tion work h as been reported 1,2,8 and also bec ause the 

molecul ar struc ture ( 1:2) in the solid st ate is known.7 Chromium ( I ll) 

was selected bec ause there h as been no repor t in the liter ature of it 

co mplexed with DPK under any circums tances. 

Isol ation of DPK Complexes in the Solid State 

Four new compelxes of tr ansi tion met al cations which included 

Cr3+, Ru3+ and Al3+,. 1:2, and Ag 1+, 1: 1, with DPK were isol ated. The 

me thod used for isol ation follows: DPK w as mixed with met al s al t  in a 

1:2 r atio in distilled w ater and the wate r  was allowed to slowly 

ev apor ate. Upon the form ation of crys tals, the remaining solution w as 

r emoved and the crys tals were w ashed with distilled water. The met al 

s alts were analytic al reagent gr ade and the DPK w as pu rch ased f rom 

Aldrich "chemic als # 12, 772- 1 • 
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To dete rmine whether- the complex isolated.had·unde rgone hyd ra

tion, an inf rared s pect rum was taken of a KB r/DPK (complex) pellet 

using a Perkin-Elme r 1420 Ratio Recording Inf ra red Spect rophotomete r. 

Disa.ppea rance of the 1690 cm- 1  ca rbonyl band indicated that hyd ration 

had occu rred. Fig. 8 provides a gene ral illust rati·on of this by com

paring the 1690 cm-1 region of uncomplexed DPK with the same region of 

the hyd rated Cu(DPK) complex. 

A 50 mg sample of each compound was sent to Galb raith 

Labo ratories, Inc., Knoxville, TN, for carbon, hyd rogen and nit rogen 

elemental analysis and chlo rine in case of the C r  complex. A listing 

of the results as well as fo rmulations fo r the isolated compounds is 

found in Table 1. 

UV-Visible Spect.ra of Metal - DPK Solutions 

Aqueous solutions of Cu(NC3)2 and C rCl3 with DPK we re studied 

s pect rophotomet rically unde r a variety of conditions. A summa ry of 

the spect ra is found in Appendix 1 each being refe rred to by spect rum 

number. The spect ra we re reco rded on the Pe rkin-Elme r 330 UV-Visible 

spect rophotometer and g round glass cuvets were used to hold the sample 

solutions. 

The spect ra in 1 illust rates the shift of the abso rption peak 

for Cu2+ towa rds higher ene rgy upon the addition of DPK 1:2 and 1: 1. 

A rapid da rkening of the combined solution accompanied this spectral 
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Table 1: ForJIUlati.ons or Revly Isolated DPI: Co•pounda 

and Ele.ental Ana17si.s Results 

1. Cr(DPK-DH>2<0H)
2CI 2�0 

Requires--
Fomd 

%C %H %N %Cl 47.0 4.7 10.0 6.3 
47.1 4.6 10.1 6.4 

2. Al(DPK-DH>
2

<0H>
2<ND

3
> 3H

2
0 

Requires 

FOLJ1d 

%C %H %N 45.4- 4.8 12.0 

44.8 4.8 11.9 

3. Ru<DPK-DH>2
<0H)3 

6�0 

Requires 
FoU1d 

4. Ag(DPK>N03 

Requires 
Found_ 

%C %H %N 40.0 4.8 8.5 
39.7 4.4 8.4 

%C 
37.3 

39.8 

2.3 .9 
2.5 12.7 

19 
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movement. As can be seen from Spectra 2 & 3 this shif t is .no rmal fo r 

the coordination of ei the r two or four ni trogen a toms per cu2+. These 

ligands (en = e thylenediamine, dpyamine = dipyridylamine, and 2,2-bp y  

= 2,2 bipyridyl) were employed since they are similar to DPK in tha t 

they chelate wi th two ni trogen a toms and do so immediately upon addi

tion to a C u2+ sol ution . 

An in te res ting phenomenon observed in the s pec trum of the cu2+ 

DPK solu tion af te r  a pe riod of 5 weeks is shown in S pec tra 4 . No t 

only does the absorp tion peak broaden out bu t i t  also shif ts back 

towa rds lower ene rgy. This phenomenon was then inves tiga ted qui te 

closely and i t  was found tha t the re. was indeed a reve rse movemen t of 

the peak wi thin one week of the me tal - DPK combina tion� A summa ry of 

the to tal movemen t of the Cu-DPK, 1:2, over time is p resen ted in 

Spec tra 5. Very small c rys tals we re visible in the time s tudy solu

tion only af ter twelve days. Elemental analysis and inf ra red spec t ral 

evidence showed these to be Cu(DPK-OH)2X2 c rys tals, the s truc tu re of 

which is known. 

Ch romium (III) s pec tra were reco rded in pa rallel wi th those of 

cu2+ al though i t  was obse rved f rom the ou tse t tha t changes in the 

cr3+-PDK solu tion spec tra were much slower. Upon the addi tion of DPK 

to the C r3+ solu tion, the color slowly changed from g reen to red ove r 

a period of abou t twen ty five minu tes. The s pec tra in 6 shows the 

final pOsi tion of the C r3+- DPK abso rp tion peak. Spec tra we re also 

reco rded · fo r c r3+ wi th. e thylenediamine, dipyridylamine, and 
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2,2-bipy ridyl and results pa rallel those fo r the Cu2+-DPK system, i.e. 

equal 

ligands 

shifts towa rds higher ene rgy of the abso rption peak fo r all 

and for DPK in both 1: 1 and 1:2 ratios. Again as the spect ra 

in 7 illust rate a reverse shift was observed fo r· the Cr3+-DPK howeve r, 

it was not as p ronounced as that fo r the Cu2+-DPK system. 

This reve rse shift towa rds lowe r energy observed afte r the 

initial peak shift towa rds highe r ene rgy was found to be unique to the 

DPK systems of Cu:DPK and Cr:DPK. The solutions containing either 

Cu-2+ o r  C r-3+ with bpyamine, 2,2 bpy, and en showed only the initial 

shift · towards highe r ene rgy with no reverse shift back towa rds lowe r 

ene rgy ove r time. 

Aqueous Solution pH Study 

The pH of the aqueous solutions of Cu-2+ and C r-3+ with DPK, 

1:2, were reco rded as UV-Vis spectra were being reco rded as discussed 

in the p revious section. A Chemitrix type 40E pH mete r and magnetic 

sti rrer we re employed fo r dete rmining the pH of the solutions before 

the respective solutions we re placed in the cuvets. The pH mete r was 

standa rdized with comme rcial pH 4 and pH 10 buffe rs. 

Fo r C r-3+ in H20 with the add�tion of DPK 1:2: *Note: Since 

the reaction takes about 30 min. to complete the pH was reco rded eve ry 

5 min. as noted. 



Table 2: pH Values or Cu(II) Soluti.ons 

7.0 � 

pH Solution -

7. 1 H2 alone 

7.0 DPK in H2 

4.2 Cu(N�) 2 in H20 

4.2 DPK + Cu(NC3)2 upon 

addi tion 

Table 3 : pH Values o� Cr(III) Soluti.on 

pH Solution 

7. 1 H20 alone 

7.2 DPK in H20 

2.8 Cr C13 in H20 

7.2 � 4.0 Cr C13 + DPK upon addi tion 

3.5 � ter 5 min. 

3.2 � ter 10 min. 

3.0 a:f te r  15 min. 

2.7 af' te r  20 min. 

2.6 � te r  25 min. 

2.5 a:f te r  3 0 min. 

2.5 at te r  1 hou r 

22 
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The pH of these solutions we re then taken daily afte r the initial 

measur ements and it was found that the solutions remained acidic be

coming slightly mo re acidic with time. Upon visi ble obse rvation of 

crystal formation the Cu:DPK solution was at a pH of 3.2 and the 

Cr:DPK solution was at a pH of 1.9. Thus the systems natu ral tendency 

is towa rds an acidic medium. 

Following these o bservations an attempt was made to va ry the 

pH of the solutions by adding either acid o r  base with counte r ions 

common to those al ready in solution i.e. HN�/NaOH for Cu(NC3)2:dpk 

system and HCl/NaOH fo r C rCl3:DPK syst em. UV- Vis spect ra were again 

taken of the respective solutions to see if any adso rption peak shift 

occu rred. As can be seen by the respective spectra in Appendix 2 

there is indeed movement of the a bso rption peaks with an induced 

change in pH. In the Cu-2+:DPK system the peak is shown at pH = 4.0. 

This is where the a bso rption peak initially moves upon the addition of 

DPK. With the addition of 6N NaOH the re is a reverse shift of the a b

so rption peak towards lowe r ene rgy as shown by the position of the 

peak at pH = 12.2 Addition of 6N HCl b rought the abso rption peak back 

to the position where pH = 4.0. Fo r the C r-3+:DPK system 6N HN� was 

used to adjust the p H  instead of the 6N HCl in a pa rallel procedu re 

giving similar results. The spect ra - for the Cu-2+:DPK and Cr-3+:DPK 

systems appea r to be cyclic in the sense that the abso rption peak, af

te r the initial shift toward higher ene rgy, was shifted back to lower 

ene rgy and then was retu rned to the position to where it bad moved 

o riginally. 
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I t  is inte resting to note that a simila r reverse shift 

(discussed in the p revious section) �n the UV-Vis spect rum for Cu-2+ 

and C r-3+ with DPK was no t accompanied by a rise in the pH of the sys

tem. Hence it appea rs that the p reviously repo rted reve rse shift in 

the UV-Vis spect rum was no t due to a change in pH. 

A Cu-2+:DPK solu tion wi th pH adjusted to 1 1. 4  and a Cr-3+: DPK 

solution with pH adjus ted to 1 1.7 we re set aside for slow evapora tion 

in o rde r to isolate the respective c rystals out of the basic solution. 

Afte r five days (much soone r than when additional acidic o r  basic 

solutions a re not added) c rystals we re visi ble in bo th solu tions. The 

pH = 9.8 for the Cu -2+:DPK and pH= 8.8 for the Cr-3+:DPK at-this 

point. A 

Labo ratories 

retu rned: 

sample of the Cu -2+:DPK 

for elemental analysis 

solid 

with 

was 

the 

sen t to Galb raith 

following results 

Table Ji: Results or Eleaental Anal.;rsi.s ror 

eu2+:Dn Soli.d 

%C %H 

-----------------------------------------------------------

(calcula ted) 

(observed) 

47.5 

47.2 

5. 1 

4.4 

10. 1 

10. 1 

By compa ring this fo rmula tion wi th one repo rted p reviously7 i t  appears 

tha t the two ni trate anions were replaced wi th two hyd roxide ions and 
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there is an  additional water mol ecul e associated with this compound 

isolated from basic solution. Infrared spectra of both ·compounds 

isol ated from basic sol ution ev ide nce a disappearance of the 1690 cm- 1  

band indica ting that hydration of the carbonyl had · take n pl ace . 

Al though the Cr-3 +: DPK crystal s isolated from the basic sol ution were 

not sent for el emental anal ysi s, simil ar findings coul d be expected , 

i. e. replacement of the chloride anion by a hydroxide ion. Evidence 

for this is sugge sted by the simil arity of the infrared spectra of 

these crystal s i solated from basic sol ution with those isolated at low  

pH. 

Experiments Inyolying the Axia1 Position on the Metal Cation 

Metal cations such as cu2+ or cr3 + are bel ieved to po ssess an 

octahedral coordination sphere co ntaining six water mol ecul es when in 

aqueous solution. The axial posi tions of these compl exes are quite 

interesting ( see the historical section) .  The sol id state structures 

of metal -DPK hydrate compounds show unusual off axi s coordina tion. 

Two questions arise : first , could bo th axial posi tiona on the metal 

be bl ocked by ligands stronger in l igand field strength according t o  

t h e  spectrochemical series than hydroxide ion or H20 which woul d not 

al l ow  DPK to coordinate in a tride ntate fashion, i. e .  coordination in 

the axial position with one of the hydroJCY 1 groups from the newly 

formed diol . Second , does  the hydration of the carbo nyl carbon atom 

occur via an intramolecular or intermol ecular proce ss , that is,  doe s  

the H20 mol ecul e that became invol ved i n  t he hydration reaction with 
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the carbony l  to form the diol the H2 o al-ready in -the axial position 

and coordination sph ere of the metal cation due to initial solvation 

or a H20 from out side the coordinatio n  sphere, i. e.  the surrounding 

sol u-tion. 

Although the instrumentation was not readil y avail abl e to 

definitively answer these questions,  several experiments were perform

ed with the equipment avail abl e in an at tempt to gain some insight. 

Ammonia and pyridine were chosen  to attempt to block the axi al 

posi tions on the metal ca tions for bo th cu2 + and cr3 +  in a 1 : 2 , metal 

to l igand ratio. In this situation one would expect to find the am

monia and pyridine to be occupying the axial posi tions to a great ex

tent replacing the H20 from the ini ti al  sol vation. The choice of am

monia as one of the bl ocking l igands was intentional for it was a 

means to address the seco nd que stion of where the H2 o mol ecul e comes 

from that participates in the hydration reaction. If the H2 o in the 

axial posi tion was the H20 invol ved in the hydration reaction one may 

observe ammihation rather than hydration at  the carbo nyl. These ideas 

were investigated in the foll owing manner.  

Both ammoni a and pyridine ( reage nt grade ) were added separate

ly to individual aqueous sol ution of ·cu-2 + and Cr-3 + in aqueous sol u

tion in a 1 : 2 metal to l igand ratio .  After the addition of  the axial 

bl ocking age nts,  DPK was added in a 1 : 2 metal to l igand ratio.  UV-Vis 

spectra were take n after each addition and afterward for an extended 

time period.  No significant effect s were observed in these respective 
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s pe ctra oppo sed to those spe ctra taken pr ev iously· in the abse nce of 

the axial blocking agent s. Upon evaporation of the solution, sol id 

compounds were obtained though they did not appear to be good cry stal

l ine material . Samples of these were se nt to  Gal braith Laboratories 

for el emental analysis. The perce ntage of c, H, and N found did no t 

lead to any recogniz abl e  formulations, hence we repor t that the 

resul ts for these particular experiments were inco nclusive. 

Concl usive resul ts might be obtained by implementing Raman spectros

copy experiments  and 18o isotope s as  tracers for the H2o in the axial 

posi tion. 

Flash Eyaporation of Solyent from the Metal:DPK Solution 

Having noted the col or changes associated with both Cu-2 + and 

Cr-3 + upon the addition of DPK in aqueous solution, we al so noted th e 

substanti al difference in time r equired for the color change s to oc

cur . For Cu-2 +: DPK the color change is  immediate upon the addition of 

the ligand where Cr-3 +: DPK take s  2 5-3 0 min. to reach it ' s final col or 

after the addition of the l igand. We bel ieve that this color change 

has something to do with the progress of the coordina tion of the 

l igand to the metal ca tion. Since we could not take the infrared 

spe ctrum of the aqueous metal :DPK sol ution due to the severe 0-H in

terference , we attempted to isolate sol ids at points through the color 

change s. 
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A round bottom flask t o  w hich either Cu-2+· or Cr-3 + with DPK 

solution was added was seal ed and connected to a vacuum pump with a 

l iquid nitrogen cold finger trap pl aced in l ine to freeze out the H20 

sol vent. DPK was added ( 1 : 2 metal to l igand ratio ) t o  the respe ctive 

metal cation and al l owed to  react for an allotted time and then the 

solvent was flash evaporated as rapidly as po ssibl e taking from 1 0 - 1 5 

min. 

In the case of Cu-2 + with DPK, the apparatus used did not al

l ow  for the solvent to be pulled off before the color change had be

come complete .  Hence only after the complete color change were we 

abl e  to obtain a sol id compound of which an infrared spe ctrum could be 

obtained. Though it was after the col or change , this sol id was ob

tained wel l  �ead of the normal 1 0-1 4 days for the first appearance of 

crystal s.  The infrared spectra displ ayed no 1 6 90 cm- 1  band which in

dicates that hydration of the carbo ny l  had taken pl ace . 

The Cr-3 + with DPK was much more interesting in that our ap

paratus . all owed us to obtain a sol id compound at sever .al. points along 

the 2 5 -30 min. col or transi tion pathway . It was found that there was 

ev ide nce of the carbonyl,  again de termined from infrared spectra, in 

all the sol id compounds each to a le�ser degree, until the final red 

colored sol ution was evaporated in which there was no evide nce of the 

1 6 90 cm-
1 band .  
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This evide nce would t hen suggest ·that aloilg wit h the initial 

color change and the movement of t he absorption peak in the UV-Visibl e 

spectrum there is al so hydr ation of the carbo ny l  of DPK. Two points 

need to be noted : first , what is found in the sol id state is not 

nece ssarily the same thing t hat is prese nt in t he solution state , and 

second ,  we forced the metal :DPK complex into the sol id state wel l in 

advance of the normal time required tor precipitation to occur 

natur al ly .  Both of these could have some unforeseen effect o n  the 

respective compl exes .  

X-ray Powder Patterns 

To augment our characterization of the sol id state of 

metal :DPK compounds,  X-ray powder p hotogr ap hs were take n of each com-

pound . 

Al3 + , 

These compounds contained Co3 + , Cd2 + , Ru3 + , Fe3 , cu2+, Mn2 + , 

cr3 + in a 1 : 2 ratio and Ag 1 + in a 1 : 1 ratio as the ca tions. 

Hydration was indicated by the respective infrared spectra. Al though 

several of these compounds have been pr ev iously repor ted in the 

l iterature,  no attempt at X-ray powder pattern characterization has 

been reported . 

Though X-ray powder photographs are of l imited val ue in crys

tal struct ure analysis,  they can be useful in de termining whether two 

compounds are isostruct ural . Wit h  a series of very similar compounds 

s uch as t hese DPK-hydrate complexes ,  such  characterization co uld prove 

to be useful reference at some fut ur e  date in the ide ntification of a 

par ticular compound . 
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other , then by de termining d we wil l know the interplanar spacings 

pecul iar to that compound . 

A listing of d-spacings can be found in Appendix 4 for each 

compound that was isol ated. 



Data Collection 

I-r� Ana17sis o� 

. Cr(DPK-OB)2(0B)�l· �0 

and Ru(DPK-OB)2(0B)3•820 
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Crystal s sui table for an  X-ray crystal structure analysis were 

obtained b.Y allowing the aqueous solvent to slowly evaporate from a 

1 : 2 , metal cation to ligand ratio ,  sol utions of both Cr-3 +  and Ru-3 +. 

The resul ting crystal s were rectangul ar in shape with approximate 

dimensions of 0 . 1 8  X 0 . 1 9  X 0 . 3 8 mm for the Cr-3 +  complex and 0 . 10 X 

0 . 12 X 0 . 11 mm for the Ru�3 +  compl ex. These crystals were transpor ted 

to The Ames Laboratory-USDOE at Iowa State University , Ames,  Iowa for 

da ta collection. The crystal s were attached to gl ass fibers and 

mounted on standard X, Y, Z translation goniometers . Al l intensity 

da ta were col lected at 22oc. The uni t cel l  parameters were initi al ly 

cal cul ated using the automati c indexing procedure BLIND. 1 1  The space 

group C2/C for the Cr-3 +  compl ex and Pl for the Ru-3 + complex were 

consistent with the systemati c abse nce s observed in the· data. Table 5 

contains a tabulation of the perti nent information rel evant to the 

data collected. 



Table 5: Crystal Data ror Cr(C11Ba� 
(.OB)2)2(0B)�l 3�0, I, 

Ru(C11Bslf2 

Empirical formula 

Formul a weight 

Cry stal system 

Space group 

a(i) 
b(i) 
c(i) 
Alpba(deg) 

Beta (deg) 

Gamma (deg) 

V(i3) 
z 

(OB)2)2(0B)3 11�0, II 

I 

Crc22H28N4o9cl 
579.0 

Monoclinic 
C2/C 

11.19(1) 

14.67(1) 

17.12(1) 

90.0 

104.06(1) 

90.0 

2810(1) 

4 

1.37 

Datex 
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II 

RuC22H30N40lO 
611.1 

Ticlinic 
Pl 

8.680(7) 

9.829(9) 

8.908(7) 

99.79(6) 

103.04(6) 

76.30(7) 

714(1) 

1. 

1.42 

Syntex-LT-1 
Cal cul ated de nsi ty ( g  cm-3) 

Diffractometer 

Monochrometer Oriented graphite crystal 
Radi ation 

Sca n type 

Number of unique refl . 

Max. # of parameters refined 

· Linear Abs . Coef.  

R 

Rw 

0 .  
Mo().=0.71034A) 

w scan 
1848 

179 

5.66cm-l 

8.6 

11.7 

Cu(>-=1.5418) 

w scan 
2406 

193 

5.95 em -1 

5.0 

6.6 
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Structure Solutions and Refinement 

tur es .  

The heavy atom method was employed i n  sol ving the two struc

Analysis  of the three-dime nsional Pa tterso n maps reveal ed the 

appropriate positions for the heavy atoms and el ectron density maps 1 2  

ge nerated from the struct ure fact ors phased by the metal atom yiel ded 

the probabl e locations for al l of the other non- hydrogen atoms. A 

basi c computer program, written by the author , to cal cul ate atom po si

tions rel ative to each other in crystal space was used to de termine 

a tom po sitions from the el ectron de nsity map. A listing of this  

program is found in  Appe ndix 5 . These po si tions and the associated 

anisotropic thermal parameters were ref ined first by using diagonal 

block matrix l east• squares cal culati ons 1 1  and the final refinement was 

done using ful l matrix l east squares techniques .  Po sitions for 

hydroge n atoms were cal culated assuming a C-H distance of 1 . 0 5i 

( Appendix 6 ) . Final po si tional par ameters for the non- hydroge n -atoms 

in the two structures are l isted in Tabl e 6 ,  positional parameters for 

the hydrogen atans, Table 7 , thermal parameters of non- hydroge n atoms,  

Tabl e 8 ,  interatomic distance s ,  Tabl e 9 ,  and interatomic angl es, Tabl e 

1 0 .  Figures 9 and 1 0  are PLUTO drawings of the sol ved Cr :DPK and 

RU :DPK structures respectively . 
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Table 6: Final Positional Paruaeters ror the 

. Roo-bydrogen AtOJBS, I 

ATOM X y z 

C r  0 0 0 
N 1  8 6 2 ( 5 )  2 9 6 { 4 )  1 1 8 0 ( 3 ) 
C 1  8 8 6  ( 7 ) 1 0 6 4 { 5 ) 1 5 9 6 ( 4 ) 
C 2  1 5 4 8 ( 8 ) 1 1 0 6 ( 6 ) 2 3 8 4 ( 5 )  
C 3  2 1 8 8  ( 8 ) 3 6 9 ( 7 ) 2 7 5 5 ( 4 )  
C 4  2 1 3 6 ( 7 )  - 4 4 4 ( 6 ) 2 3 3 1 ( 4 ) 
C 5  1 4 5 8 ( 6 ) - 4 3 6 ( 5 )  1 5 2 5  ( 4 )  
C 1 1  1 2 3 1 ( 6 ) - 1 2 7 6 ( 5 ) 9 5 6 ( 4 ) 
0 1  1 2 4 7 ( 4 )  - 9 4 9 ( 3 ) 1 9 6 ( 2 ) 
0 2  2 1 0 6 ( 4 )  - 1 9 4 7 ( 4 )  1 2 5 0 ( 3 )_ 
N 2  - 9 1 2 ( 5 ) - 9 9 2 { 4 )  4 7 4 ( 3 ) 
C 2 1  - 2 1 1 6 ( 7 ) - 1 1 0 6 ( 5 ) 4 2 2 ( 5 )  
C 2 2  - 2 5 2 5 ( 9 ) - 1 8 2 7 ( 7 ) 8 2 0 ( 5 )  
C 2 3  - 1 6 6 0 ( 9 ) - 2 4 1 5 { 6 ) 1 2 7 9 ( 6 ) 
C 2 4  - 4 2 3 ( 8 ) - 2 2 9 4 { 5 ) 1 3 3 8 ( 4 )  
C 2 5  - 8 0 ( 7 ) - 1 5 7 2 { 5 ) 9 3 4 ( 4 ) 
C l  5 4  ( 4 ) 4 9 0 3 { 3 ) 6 0 2 ( 3 ) 
0 3  1 8 5 4  ( 6 ) 6 5 2 3 { 4 )  4 2 4 ( 4 ) 
0 4  - 2 6 4 ( 6 ) 3 2 3 4 { 5 )  1 6 6 2 ( 4 ) 
0 5  4 6 5 4 ( 2 0 ) 5 2 ( 1 1 ) 1 2 3 5  ( 9 ) 
0 6  5 0 0 0 ( 0 ) 1 1 0 0 { 0 ) 2 5 0 0 ( 0 ) 
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Table 6 ( co nt . ) : Final Posi tional Parameters for the No�hydroge n 

Atans, II 

A T O M  X y z 

R u  0 0 0 

N 1  3 2 8 ( 5 )  1 8 7 8 ( 4 )  1 3 1 9 ( 5 )  

C 1  - 6 5 2  ( 7 )  3 1 5 6 ( 6 )  1 2 9 4 ( 8 )  

C 2  - 1 8 6 ( 8 ) 4 3 1 4 ( 6 )  2 2 6 9 ( 9 )  

C 3  1 3 1 0 ( 8 ) 4 1 5 7 ( 6 )  3 2" 3 8 ( 9 )  

C 4  2 3 1 3  ( 7 ) 2 8 3 1  ( 6 )  3 2 4 8 ( 7 ) 

C 5  1 7 8 9 ( 6 )  1 7 2 5 ( 5 )  2 2 6 9 ( 6 )  

C 1 1  2 6 9 8 ( 6 )  1 9 9 ( 6 )  2 1 2 3  ( 6 )  

0 1  2 3 8 2 ( 4 )  - 3 2 4 ( 6 ) 5 3 2  ( 4 ) 

0 2  4 3 3 4 ( 4 ) 5 0  ( 4 )  2 7 5 3  ( 4 ) 

N 2  4 5 4 ( 5 )  - 7 9 5  ( 4 ) 2 0 9 4 ( 5 )  

C 2 1  - 4 4 3  ( 7 ) - 1 4 6 3  ( 6 ) 2 6 3 0 ( 7 )  

C 2 2  1 0 5  ( 8 ) - 1 9 6 8 ( 6 )  4 0 7 7 ( 7 ) 

C 2 3 1 5 7 4 ( 8 )  - 1 7 7 4 ( 6 )  4 9 4 7 ( 7 ) 

C 2 4  2 5 0 4 ( 7 ) - 1 0 7 0 ( 6 )  4 3 8 1 ( 7 ) 

C 2 5  1 9 0 4 ( 6 )  - 6 0 3 ( 5 ) 2 9 4 0 ( 6 )  

0 3  3 7 4 8 ( 6 )  4 2 0 2  ( 5 )  3 8 6 ( 5 )  

0 4  5 7 5 1  ( 6 )  1 5 7 0 ( 5 )  1 5 6 8 ( 6 )  

0 5  6 2 7 5  ( 6 )  7 3 2 1  ( 6 )  2 7 3 1  ( 8 )  

0 6  5 4 7 8 ( 1 2 )  5 0 3 4 ( 1 0 ) 3 6 8 3 ( 9 )  



Table 7 :  Posi.tional Para��eters or the Hydrogen J.tcas, I 

ATOM X y z 

H 1  4 0 4 1 , 6 3 7  1 , 3 1 4  

H 2  1 , 5 7 8  1 , 7 1 3  2 , 7 1 2  

H 3  2 , 7 0 0  3 8 8  3 ' 3  5 6· 

H 4 2 , 6 2 0  - 1 , 0 1 9  2 , 6 1 3  

H 5  - 2 , 7 5 9  - 6 5 7 7 6  

H 6  - 3 , 4 7 0 - 1 , 9 1 8  7 7 5  

H 7  - 1 , 9 4 3 - 2 , 9 6 2 1 , 5 8 4  

H 8  2 2 0  - 2 , 7 4 4  1 , 6 8 7  
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Table 7 ( cont . ) :  Final Po sitional Parameters for the Hydroge n Atoms, 

II 

( X 104 )  

A T O M  X y z 

H 1  - 1 , 8 3 0  3 , 2 8 9  5 3 2 

H 2  - 9 9 3 5 , 3 5 4  2 , 2 4 8 

H 3  1 , 6 9 4  5 , 0 6 1  3 , 9 8 7  

H 4  3 , 4 9 6  2 , 6 9 3  4 , 0 1 1  

H 5  - 1 , 6 1 2  - 1 , 6 1 5  1 , 9 5 0  

H 6  - 6 2 2  - 2 , 5 1 3  4 , 5 1 3  

H 7  2 , 0 3 0  - 2 , 1 6 6  6 , 0 6 1  

H 8  3 , 6 7 0  - 9 2 4 5 , 0 6 0  



(X 1 04 )  

ATOM B 1 1  B 2 2  B 3 3  

C r  4 9 ( 1 ) 2 8 l 1 ) 2 1  ( 1 ) 
N 1  5 5 ( 5 ) 3 2 ( 3 )  2 4  ( 2 ) 
C 1  7 9 ( 7 ) 4 5 ( 4 )  3 3 ( 3 )  
C 2  1 0 5 ( 9 )  5 5  ( 5 ) 3 6 ( 3 )  
C 3  9 9 ( 9 )  6 7 ( 5 )  2 6 ( 3 )  
C 4  7 1  ( 7 ) 5 8 ( 5 )  3 2 ( 3 )  
C 5  6 9 ( 7 )  3 7 ( 4 ) 2 6 ( 3 )  
C 1 1  6 8 ( 7 ) 3 5 ( 4 )  2 6 ( 2 ) 
0 1  6 6 ( 4 )  3 8 ( 2 )  3 8 ( 2 )  
0 2  7 2 ( 5 )  4 2 ( 3 )  3 7 ( 2 )  
N 2  5 9  ( 5 ) 3 5 ( 3 )  3 2 ( 2 ) 
C 2 1  7 6  ( 8 ) 4 6 ( 4 )  3 9 ( 3 )  
C 2 2  1 0 0 ( 9 ) 6 2  ( 6 ) 4 8 ( 4 )  
C 2 3  1 1 3' ( 1 0 ) 5 3  ( 5 )  4 2  ( 4 )  
C 2 4  1 1 2 ( 9 ) 4 0 ( 4 )  3 2 ( 3 )  
C 2 5  8 3 ( 7 )  3 6 ( 4 )  2 8 ( 3 )  
C l  9 3 ( 4 )  6 1  ( 3 )  4 8 ( 2 ) 
0 3  1 1 5 ( 7 )  5 4  ( 3 )  5 3  ( 3 )  
04 1 1 2 ( 7 ) 7 3 ( 4 )  5 7 ( 3 )  
0 5  3 0 7 ( 3 1 )  7 0 ( 9 ) 6 0  ( 8 ) 

B 1 2 B 1 3  

- 1  ( 1 )  5 ( 1 ) 
- 7 ( 3 )  8 ( 3 )  

- 1 5 ( 4 )  2 0  ( 4 )  
- 1 2  ( 6 ) 2 0 ( 5 )  
- 2 4  ( 6 ) 5 ( 4 )  

- 7 ( 5 )  5 ( 4 )  
- 1 ( 4 )  1 0  ( 3 )  
- 7 ( 4 )  4 ( 3 )  
2 5 ( 2 ) 5 ( 3 )  

8 ( 3 )  0 ( 3 )  
- 3 ( 3 )  1 3  ( 3 )  

- 1 1 ( 5 )  1 8  ( 4 )  
- 3 2 ( 6 ) 3 2 ( 5 )  
- 2 4 ( 6 )  2 0 ( 5 )  
- 1 2  ( 5 ) 1 2  ( 4 ) 

- 3 ( 4 )  1 0  ( 4 )  
- 2 0 ( 3 )  8 ( 2 ) 

- 7 ( 4 )  3 3 ( 3 )  
9 ( 4 )  5 ( 4 )  

- 4 4 ( 1 4 )  1 8 ( 1 2 ) 

B 2 3  

3 ( 1 ) 
- 5 ( 2 ) 
- 7 ( 3 )  

- 2 1 ( 3 )  
- 9 ( 3 )  
- 9 ( 3 )  

2 ( 3 )  
- 2  ( 2 ) 
- 4 ( 2 ) 

6 ( 2 ) 
- 4 ( 2 )  
- 6  ( 3 )  

- 1 5 ( 4 )  
2 ( 3 )  
7 ( 3 )  

- 2 ( 3 )  
3 ( 2 ) 

- 1 0 ( 3 )  
9 ( 3 )  

- 1 ( 7 )  
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Table 9 :  

ATOMS 

C r - 0 1  

C r - N 1  

C r - N 2  

N 1 - C 1  

N 1 - C 5  

C 1 - C 2  

C 2 - C 3  

C 3 - C 4  

C 4 - C 5  

C 5 - C 1 1  

C 1 1 - 0 2  

C 1 1 - 0 1  

C 1 1 - C 2 5  

N 2 -C 2 1  

N 2 - C 2 5  

C 2 1 - C 2 2  

C 2 2 - C 2 3  

C 2 3 - C 2 4  

C 2 4 - C 2 5  

Interatoaic Distances, I 

D i s t anc e 

1 . 9 4 1 ( 5 )  

2 . 0 6 2 ( 5 )  

2 . 0 5 5 ( 6 )  

1 . 3 3 0 ( 9 )  

1 . 3 2 5 ( 1 0 )  

1 . 3 7 4 ( 1 1 )  

1 . 3 6 5 ( 1 3 )  

1 . 3 9 1 ( 1 3 )  

1 . 4 0 4 ( 1 0 )  

1 . 5 5 3  ( 1 1 )  

1 . 3 9 3 ( 9 )  

1 . 3 9 0 ( 8 )  

1 . 5 2 3  ( 1 1 )  

1 . 3 3 9 ( 9 )  

1 . 3 6 1 ( 9 )  

1 . 3 9 4 ( 1 2 )  

1 . 3 8 9 ( 1 3 )  

1 . 3 7 5 ( 1 3 )  

1 . 3 7 0 ( 1 0 )  

4 1  
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Table 9 ( cont . ) : Interatomic Distance s,  II  

A T O M S  D i s t a n c e  

R u - 0 1  1 . 9 7 5 ( 4 ) 
R u - N 1  2 . 0 5 7 ( 4 ) 
R u - N 2  2 . 0 6 5 ( 5 )  
N 1 - C 1  1 . 3 4 0 ( 7 ) 
N 1 - C 5  1 . 3 4 7 ( 7 ) 
C 1 - C 2  1 . 3 9 1 ( 9 )  
C 2 - C 3  1 . 3 7 8 ( 1 0 ) 
C 3 - C 4  1 . 3 8 6 ( 8 ) 
C 4 - C 5  1 . 3 7 2 ( 8 ) 
C 5 - C 1 1  1 . 5 1 9 ( 7 ) 
C 1 1 - 0 2  1 . 3 8 7 ( 6 )  
C 1 1 - 0 1  1 . 4 1 1 ( 6 )  
C l 1 - C 2 5  1 . 5 1 9 ( 7 ) 
N 2 - C 2 1  1 . 3 3 5 ( 7 ) 
N 2 - C 2 5  1 . 3 5 1 ( 7 ) 
C 2 1 - C 2 2 1 . 4 0 1 ( 9 ) 
C 2 2 - C 2 3 1 . 3 7 2 ( 9 )  
C 2 3 - C 2 4  1 . 3 9 6 ( 9 )  
C 2 4 - C 2 5  1 . 3 8 4 ( 8 )  



Table 1 0 :  

ATOMS 

N 1 - C r- N 2  

N 1 - C r - 0 1  

N 2 - C r - 0 1 

C r - N 1 - C 1 

C r - N 1 -C 5 

N 1 - C 1 - C 2  

C 1 - C 2 - C 3  

C 2 - C 3 - C 4  

C 3 - C 4 - C 5  

C 4 -C 5 - N 1  

N 1 - C 5 - C 1 1  

C r - N 2 - C 2 1  

C r - N 2 -C 2 5  

C 2 1 -N 2 - C 2 5  

N 2 - C 2 1 - C 2 2  

C 2 l - C 2 2 - C 2 3  

C 2 2 -C 2 3 - C 2 4 

C 2 3 -C 2 4 - C 2 5 

C 2 4 -C 2 5 -N 2  

C 5 - C 1 1 - C 2 5 

C 5 -C 1 1 - 0 1  

C 5 - C 1 1 - 0 2  

C 2 5 -C 1 1 - 0 1  

C 2 5 -C 1 1 - 0 2  

0 1 - C 1 1 - 0 2  

Interataaic Angles, I 

Ang l e  

9 4 . 5 4 ( 2 1 )  

9 9 . 4 4 ( 1 9 )  

9 9 . 8 5 ( 2 1 )  

1 3 0 . 3 3 ( 4 7 )  

1 0 9 . 3 4 ( 4 6 )  

1 1 9 . 9 9 ( 6 9 )  

1 2 1 . 2 4 ( 7 8 )  

1 1 9 . 0 5 ( 6 9 )  

1 1 6 . 7 2 ( 7 6 )  

1 2 2 . 6 1 ( 7 4 )  

1 1 2 . 0 3 ( 5 7 )  

1 3 0 . 5 7 ( 4 9 )  

1 0 9 . 6 1 ( 4 5 )  

1 1 9 . 7 5 ( 6 1 )  

1 2 0 . 4 4 ( 7 3 )  

1 1 8 . 7 3 ( 8 6 ) 

1 2 0 . 8 6 ( 8 1 )  

1 1 7 . 5 6 ( 7 3 )  

1 2 2 . 6 4 ( 7 0 )  

1 0 4 . 5 4 ( 5 8 }  

1 0 6 . 0 1 ( 5 6 )  

1 0 9 . 9 0 ( 5 7 )  

1 0 7 . 8 7 ( 5 5 )  

1 1  3 . 2 9. ( 5 9 ) 

1 1 4 . 5 2 ( 5 7 )  
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Table 1 0  { cont . ) : Interatomic Angl es , I I  

A T O M S  A n g l e  

N l - R u - N 2  9 4 . 4 2 ( 1 7 )  

N l - R u - 0 1  1 0 1 . 0 2 ( 1 7 )  
N 2 - R u - O l  7 8 . 8 9 ( 1 7 )  
R u - N l - C l  1 2 9 . 3 1 ( 3 8 )  
R u - N l - C 5  1 1 1 . 0 4 ( 3 1 )  
N l - C l - C 2  1 2 0 . 4 4 ( 5 5 )  
C l - C 2 - C 3  1 1 9 . 9 3 ( 5 5 )  
C 2 - C 3 - C 4  1 1 9 . 0 0 ( 5 7 )  
C 3 - C 4 - C 5  1 1 8 . 6 3 ( 5 5 )  
C 4 - C 5 - N l  1 2 2 . 3 9 ( 4 6 )  
N 1 - C 5 - C l 1  1 1 1 . 1 0 ( 4 2 ) 
R u - N 2 - C 2 1  1 2 9 . 0 7 ( 3 7 )  
R u - N 2 - C 2 5  1 1 0 . 6 5 ( 3 3 )  
C 2 1 - N 2 - C 2 5  1 2 0 . 2 4 ( 4 6 )  
N 2 - C 2 1 - C 2 2  1 2 0 . 4 7 ( 5 3 ) · 
C 2 1 - C 2 2 - C 2 3  1 1 9 . 6 9 ( 5 6 )  
C 2 2 - C 2 3 - C 2 4  1 1 9 . 5 5 ( 5 6 )  
C 2 3 - C 2 4 - C 2 5  1 1 8 . 1 3 ( 5 3 )  
C 2 4 - C 2 5 - N 2  1 2 1 . 9 1 ( 4 7 )  

C 5 - C 1 1 - C 2 5  1 0 6 . 6 2 ( 4 1 )  
C 5 - C 1 1 - 0 1  1 0 6 . 6 2 ( 4 2 )  
C 5 - C 1 1 - 0 2  1 1 2 . 8 1 ( 4 4 )  

C 2 5 - C 1 1 - 0 1  1 0 6 . 4 0 ( 4 2 ) 
C 2 5 - C 1 1 - 0 2  1 1 0 . 7 8 ( 4 3 )  
0 1 - C 1 1 - 0 2  1 1 3 . 1 7 ( 4 0 ) 



Fig. 9 :  PLO'IO drawing or er-3+:DPK Structure 
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Fig. 10 :  PLO'lO dravi.ng o �  Ru-3+:DPK Structure 
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Discussion of the Structures 

The . PLUTO drawings of bo th the Cr-3 +  and Ru-3 +  complexes show 

the two DPK ligands bo nded to the metal cation in a tride ntate 

fashion. The geanetry about the metal atom can be described as a dis

torted octahedron due to the unusual off axis coordination  of the 

hydroxy l groups.  In these two aspe ct s,  bo th structures are quite sim

lar to the pr eviously repor ted 1 : 2 compl exes. 7 

In the . Ru compl ex, the metal- ligand bond distance s are very 

simil ar ( Ru-N avg. = 2 .06 1 i, Ru-0 = 1 . 97 5i )  which indicates simil ar 

bo nd strength within the coordination sphere. The off axis angl e 

formed between the Ru-0 bond and the l ine normal to the equatorial 

pl ane was found to  be about 1 50 .  There are three hydroxide groups as 

the anions to complete the structure and charge bal ance . 

For the Cr 

similar ( Cr- N avg. 

complex, 

= 2 . o s ai,  

the metal-ligand 

Cr- 0 = 1 . 94 1 i ) . 

bond distance s are 

The off axis angl e 

formed between the Cr- 0 bo nd and the l ine normal to the equatorial 

pl ane was found to be about 1 2  ( deg) . This is the smal lest off axis 

angl e yet repor ted. One chl oride ( disordered ) and two hydroxide 

groups are present as the anions. 

The bond distances and angl es in the DPK l igands are quite 

normal in l;>oth structures. The average C-C bo nd di stances within the 

rings are 1 .385i and 1.383i for the Ru( III ) and Cr ( III ) structures 

respe ctively which are qu: 1• te cl ose to the accepted value for pyridine 
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of 1 . 3 95 ( 1 ) i .  1 3  Likewise the average C-N bond distances ,  1 . 3 43 i and 

1 . 3 39i are very close to the acce pted value of 1 . 3 40 ( 1 ) i  as wel l as 

the average bo nd angl es within the rings of 1 2o . o o , and 1 20 . oo . 

Hence , there is no apparent str ain or distor tion within the pyridine 

rings . 

It is interesting to note that the intra- ligand pyridy l ring 

dihedral angl es are 1 0 1 0  for Cr and 1 090 for Ru as compared to 1 80 0 

for a pl anar DPK l igand . These are quite significant dev iations from 

pl anarity for the DPK l igand . Upo n the exmination of model s refl ect

ing the struct ures, it is ev ide nt that with the addi tional M- 0  coor

dina tion there would be a significant dev iation of the pyridy l rings 

from co- pl anarity though the extent to which this would occur is prob

ably depende nt on a number of factors.  

Correlations of Splved DPK Structures 

Observ ing the simil ar coordination behav ior ( i. e .  N4 02 

pseudo-octahedral coordina tion sph ere with off axial distortion) for 

the Cr and Ru  DPK compl exe s ,  the que stion arose as to whether the off 

axis phenomenon coul d  be correl ated with some parameter of the com

pl ex. Da ta for al l  known structur es of transi tion metal ca tions with 

DPK were collected . A summary of the combined da ta used for these 

correl ations is found in Tabl e 1 1 .  



Off Axi s  Pyr . Ring 
i··�tal AllQle Arnie 

1� 1 (d ioxolane> +2 · 24 . 9  66 . 2  

Cu (dioxolane > +2 . 19 . 2  69 . 5  

Cu (d ioxo lane > +2 28 . 31 70 . 5  

Au (1 : 1 )  +3 18 . 294 ll6 . 6  

Pd ( 1 : 1 )  +2 29 . 4  114. 5 

Au ( 1 : 1 ) +3 31 . 28 86 . 4  

Cu ( 1 : 2 )  +2 22 . 6  83 . 0  

Cu ( 1 : 2 )  +2 21 . 5  63 

Cr (1 : 2 )  +3 12 . 5  101 
Ru (1 : 2 )  +3 15 . 8 71 

D i st . Off 
f1 - O (A )  Plane <A> 

2 . 113 1 . 916 

2 . 400 2 . 267 

2 . 678 2 . 358 

2 . 77 2 . 630 

2 . 824 ' 2 . 461 

2 . 850 2 . 436 

2 . 464 2 . 275 

2 . Lt65 2 . 294 

1 . 940  1 . 394 
1 . 980 1 . 911 
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The fol lowing proper ties were considered in the correlations : 

ioni c  radii of the metal ca tion, number of d el ectrons, M-0 bo nd dis

tance , distance of the off axis oxyge n  a tom from - the equatorial plane , 

atomic number,  and atomic weight .  By pl otti ng each of these prope r

ties vs.  the angl e ( in degrees ) formed with the l ine normal to the 

equa torial plane , two trends appear to develop. As can be seen by the 

plots in Figures 1 1  and 12, there is a correl ation be tween the off 

axis angl e formed in the complexe s and bo th the M-0 bo nd distance and 

the distance of the oxyge n off the equa torial pl ane . The remaining 

plots show no ev ide nce of any trends devel oping and hence . are not in

cluded here. 

To pursue these correl ations fur ther , the regions that lack 

data would be of interest to see if either of these trends continue . 

By choosing metal ca tion : DPK complexes that have M-0 bo nd distance s in  

these areas of  interest ( these distance s could be cal cul ated from 

ionic  radii ) , one coul d  de termine wheth er these correl ations are 

continued.  

We have searched the chemical l iterature referenced by sev eral 

methods in an at tempt to acquire compl ete data for this study . We 

have al so searched the Cambridge Cry stal lographic Data Fil e with the 

hel p of Dr . G. Pal enik of the University of Fl orida . The da ta repor t

ed in Tabl e 1 1  appears to be complete to the present time . 

Conseque ntly , more structur es need to be sol ved to pursue this study 

of correl ations fur ther . 
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Even though these two correlati ons are in no way the final 

word o n  this system , they do di rect us towards fur ther investiga ti o n  

of the off axis behav ior observed in these metal :DPK complexes si nce · 

there does appear to be some intrinsic rel ationship be tween the off 

axis angl e formed and the struct ur e itsel f. If devel oped fur th er ,  

these correl ations could lead t o  a diagnostic  technique or hel p t o  

predict the off axis distor tion for a given M-0 bond di stance . Al so 

wide ni ng the spe ctrum of metal ca tio ns compl exed with DPK may al so 

l ead to correlations not yet exp l ored .  Though many metal s are repor t

ed to  compl ex with DPK ,  rel ativel y few are in a 1: 2 metal to ligand 

r atio and sol vent co ntaining water , hence more cry stal structur es 

r esul ti ng from these chemical co nditions need to be solved t o  pursue 

these correlations fur ther . 
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Conclusion 

In assessing the achievement s of this proj ect , I would l ike to 

focus on three areas. First ,  as r epor ted in the experimental section 

of this text , four new metal : DPK complexes were isolated and charac

teriz ed. In addition, the Cr : DPK and the Ru : DPK sol id state struc

tures were solved and hence this da ta can be added to that of 

prev iously solved struct ures thereby augmenting the repor ted informa

tion of this unique system .  

Second ,  after assembl ing the data from al l  repor ted sol id 

state structures, two correl ations were observed rel ating bo th the 

metal-oxygen bond distance and the distance of the oxgyen atoms ( from 

the diol ) from the equa torial plane of the complex formed by the· me tal 

and four nitrogen atoms with the angl e formed be tween the M- 0  bo nd  and 

the line normal to the equatorial plane .  Though the correl ations are 

not a final pronouncement , they do demonstrate possible direct 

rel ationships . Fur ther devel opment of these rel ationships coul d l ead 

to a diagno stic tool for predicting the extent of axial distor tion for 

a given metal :DPK compl ex. 

Third and final ly , a survey of . the l iterature and the resul ts  

presented in  this study has hel ped to identify sev eral significant 

features of this DPK system which when v iewed col lectively leads to a 

final thesis on the mechanism of this system.  



55  

From the sol id state structur es repor ted here and in  the 

l iterature we know · general ly the features of the final product 

resul ting from the addition of DPK to. a · transition metal cation in 

aqueous sol ution. One immediately notes in the sol id state struct ures 

the unusual off axis co ordination of the hydroxy 1 groups. The 

progress of coordination about the transi tion metal cation was inves

tigated in this study by means of UV- Visible spectrosco py . A very in

teresting reverse shift in the spe ctrum of the two metal ca tions was 

noted. After accounti ng for the movements of the adsorption peak due 

to the coordination of the four nitroge n atoms ( 1 : 2 metal to l igand ) 

initial ly , it would appear that the reverse shift would be due to the 

coordination of the hydroxy l groups in the Woff axi al posi tion. w A 

shift toward lower energy would resul t because the hydroxy l group 

repl acing the water mol ecul e already in the axial position due to sol

vation is lower in the spe ctrochemical series than water and the fact 

that the coordination is not exactly in the axial posi tion but rather 

off axis,  evidenced by the sol id state structures, would l ead t o  a 

lowering in the average l igand field strength resul ting in a movement 

toward lower energy . 

However, before the coordination of the hydroxyl can take 

pl ace , DPK must undergo hydration across the carbo nyl. The resul ts  

reported in  the flash evaporation experiments  showed that hydration 

appears to occur with the observed changes in col or . These resul ts  

agree with the literature that DPK coordina tes initially through the 

ni t- rogen atoms and then hydration is facil ita ted across the carbo ny l. 5 
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Al though both N , N-coordina tion followed by hydration appears 

t o  occur immedi ately,  the reverse shift was only observed after a 

period of time. Hence , this  woul d  l ead to the fol lowing : upon addi

tion of DPK to the transi tion metal ca tion, the l igand coordina tes v ia 

N , N-coordina tion. Since the nitroge n do nor orbitai s are not directed 

favorably for chelation, overl ap is  enhanced by the l igand breaking 

pl anarity forming the boat co nf igur ation of the six-membered ring 

where the metal cation and the carbo nyl carbo n atom are above the ring 

de termined by the two pyridyl  ni troge n atoms and # 1  and #4 carbo n 

atoms.  By breaking the planarity of the DPK l igand , hydration is  

facil itated across the carbo ny l .  Thi s  ends the  rapid par t of  the 

reaction. Following this ,  one of the hydroxyl groups from the new ly 

formed diol displ aces the water in the axi al position. This final 

product then forms the insolubl e crystal s which is the sol id product 

we have analyzed. 

If this  is the path followed by the reaction it al so answers 

the que stion. of whether the hydration reaction is intermol ecul ar or 

intramolecul ar for in this senario the water would have to come from 

the surrounding solution if the hydroxyl group sl owly repl ace s the 

axial water molecul e.  
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AppencU.x 3 : Kodak d 1 9-b DeYeloper 

E l o n - H y d r o q u i n o n e ( K o d a k D - 1 9 b )  

W a t e r ( a b o u t  1 2 5 • F ) ( 5 2 ° C ) - � - - - - � - - - - - - - - - - - - - 5 0 0  m l  

E l o n  ( p - M e t h y l a m i n o p h e n o l S u l f a t e )· - - - - - - - - - - - 2 . 2  g 

S o d i u m S u l f i t e , a n h - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 2  g 

H y d r o q u i n o n e - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 8 . 8 g 

S o d i u m C a r b o n a t e , a n h - - - - - - - - - - - - - - - - - - - - - - - - - 4 8  g 

P o t a s s i u m B r o m i d e - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 g 

C o l d  W a t e r t o  m a k e - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 0 0 0 · m l  

U s e w i t h o u t d i l u t i o n . D e v e l o p f o r 5 m i n . a t  6 5  F .  

6 8  



C o - 3 + 

8 . 4 2 s 
7 . 5 6 M 

6 . 5 3 s 
6 . 0  M 

5 . 5 6 M 

4 . 9 7 M 

4 . 4 2 w 
4 . 2 5 w 
4 . 0 7 w 
3 . 7 9 s 
3 . 5 5 M 

3 . 1 9 M 

AppencH.x ll :  d-Spacings or Isolated Solid state 

Cd- 2 + 

1 0 . 8 5 W 

7 . 6 3 w 
7 . 0 8 s 
6 . 5 6 . M 

6 . 2 2 M 

4 . 9 0 w 
4 . 3 6 w 
3 . 9 8 w 
3 . 8 0 s 
3 . 4 6 M 

3 . 3 5 M 

3 . 1 3 w 
3 . 0 4 w 
2 . 9 2 w 
2 . 6 2 w 
2 . 5 0 w 
2 . 4 1 w 
2 . 3 2 w 
2 . 2 6 w 
2 . 2 1 w 
2 . 1 2 w 

DP� Coapounds 

Ru- 3 + 

9 . 0 7 s 
8 . 6 7 s 
8 . 1 9 s 
6 . 7 6 s 
6 . 2 2 M 

5 . 8 3 M 

5 . 5 4 M 

5 . 1 0 w 
4 . 4 9 s 
4 . 0 9 M 

3 . 9 7 w 
3 . 5 3 w 
3 . 4 0 w 
2 . 6 1 w 

Ag- 1 + 

8 . 1 4 w 
7 . 5 5 s 
6 . 0 3 M 

5 . 4 5 M 

4 . 6 8 M 

4 . 4 0 M 

4 . 0 9 s 
3 . 7 2 s 
3 . 6 0 M 
3 . 4 9 M 

3 . 3 3 M 
3 . 1 4 M 

2 . 9 1 M 

2 . 8 0  M 
2 . 6 0 M 
2 .  5 2 ·M 

2 . 4 7 M 

2 . 4 3 M 

F e- 3 + 

8 . 8 9 s 
8 . 5 0 s 

.7 . 8 6  w ·  
6 . 6 6 s 
6 . 1 5 w 
5 . 8 0 s 
5 . 4 9 s 
5 . 0 7 w 
4 . 4 6 s 
4 . 1 1 s 
3 . 9 2 w 
3 . 5 2 s 
3 . 3 1 s 
2 . 6 2 w 
2 . 3 5 s 

6 9  

C uC 1 2 

7 . 8 9 w 
7 . 2 5 s 
6 . 1 4 w 
5 . 7 0 s 
0 . 1 2 s 
4 . 4 8 w 
4 . 2 6 s 
3 . 9 8 M 

. 3 .  7 7  s 
3 . 6 0 s 
3 . 3 7 s 
3 . 1 2 w 
3 . 0 4 s 
2 . 8 9 M 

2 . 7 8 M 

2 . 6 4 M 

2 . 3 4 M 
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CuN04 Mn- 2 + A l - 3 +  C r - 3 + 

8 . 9 3 s 9 . 6 1 w 1 1 . 3 3 s 9 . 4 6 s 
8 . 5 0 w 7 . 7 6 s 1 0 . 5 9 s 8 . 8 0 s 
7 . 9 7 w 7 . 2 8 s 9 . 8 8 s 8 . 2 7 s 
7 . 2 8 s 6 . 9 2  M 9 . 3 6 w 6 . 7 3 s 
6 . 8 9 M 6 . 5 6 s 8 . 7 6 M 6 . 3 0 s 

. 6 .  4 4  w 5 . 7 7 s 8 . 0 4 M 5 . 7 2 s 
6 . 1 7 s 5 . 2 2 w 7 . 4 0 s 5 . 4 5 M 

5 . 9 6 w 4 . 9 7 s 6 . 6 1 w 5 . 2 0 w 
4 . 6 9 s 4 . 8 0 s 6 . 0 9 w 4 . 9 1 M 

4 . 5 1 w 4 . 3 2 s 5 . 7 0 w 4 . 7 7 M 

4 . 1 9 w 4 . 1 7 M 5 . 4 0 w 4 . 6 0 w 
3 . 9 8  w 3 . 9 6 s 5 . 1 6 w 4 . 2 2 s 
3 . 8 8 s 3 . 8 6 s 4 . 9 6 w 8 . 0 0 s 
3 . 7 5 s 3 . 7 3 s 4 . 7 7 M 3 . 9 9 s 
3 . 6 1 s 3 . 6 1 M 4 •. 5 0  s 3 . 8 7 w 
3 . 5 9 M 3 . 5 3 s 4 . 3 2 s 3 � 5 8 w 
3 . 5 4 M 3 . 4 6 s 4 . 0 6 s 3 . 4 8 w 
3 . 4 9 M 3 . 3 3 M 3 . 9 5 s 3 . 3 1 w 
3 . 3 2 M 3 . 0 1  M 3 . 9 0 w 3 . 2 0 s 
3 . 2 4 w 2 . 9 0 w 3 . 8 2 M 3 . 1 1 s. 
3 . 0 9 w 2 . 8 4 s 3 . 7 2 M 2 . 8 7 s 
2 . 9 9 w 2 . 7 7 w 3 . 5 5 M 2 . 7 3 M 

2 . 8 9 w 2 . 6 3 w 3 . 4 5 w 2 . 6 5 M 

2 . 8 2 w 2 . 5 7 w 3 . 3 6 w 2 . 5 8 s 
2 . 7 3 w 2 . 4 3 w 3 . 2 2 w 2 . 4 9 s 
2 . 6 1 w 2 . 3 4 w 2 . 9 7 w 2 . 3 0 M 

2 . 4 0 w 2 . 2 9 w 2 . 2 4 w 
2 . 2 1 w 2 . 2 6 w 



Appendi.x 5: Basic Prograa ror Deten�iDation or Bond Angles 

and Bond Distances i.n Cr7stal Space 

7 1  

1 0  ' P r o g r a m t o  c a l c u l a t e  d i s t a n c e  a n d  a n g l e s  b e t w e e n  a t o m s  i n  c r y s t a l  s p a c e  
2 0  P R I N T " a  s " ; A ; " b  = " ; . B ; " c = " ; C  

3 0  P R I N T " a l p h a  = " ; A L ; " b e t a  = " ; B E ; " g a mm a  s " ; G A  

4 0  I N P U T  " T o C h a n g e  P a r am e t e r s  T y p e  y " ; Y $ 
5 0  I F  L E F T $ ( Y $ , l ) = " Y "  O R  L E F T $ ( Y $ , l ) = " y "  T H E N  G O T O  3 9 0 

6 0  I N P U T " C o o r d i n a t e s  o f  A t o m  l " ; X l , Y l , Z l 
7 0  I N P U T " C o o r d i n a t e s  o f  A t o m  2 " ; X 2 , Y 2 , Z 2  
8 0  I N P U T " C o o r d i n a t e s  o f  A t o m  3 " ; X 3 , Y 3 , Z 3 
9 0  D l 2 = ( X 2 - X l ) . 2 * A A 2 
1 0 0  D l 2 s 0 1 2 + ( Y 2 - Y l ) . 2 * B • 2  
1 1 0  D l 2 = D l 2 + ( Z 2 - Z 1 ) . 2 * C - 2  
1 2 0 D l 2 = D 1 2 + 2 * ( X 2 - X l ) * ( Y 2 - Y l ) * A * B * ( C O S ( G A / 5 7 . 2 9 5 7 8 ) ) 
1 3 0  D l 2 = D 1 2 + 2 * ( Z 2 - Z l ) * ( X 2 - X l ) * A * C * ( C O S ( B E / 5 7 . 2 9 5 7 8 ) ) 

1 4 0 D l 2 = D l 2 + 2 * ( Y 2 - Y l ) * ( Z 2 - Z l ) * B * C * ( C O S ( A L / 5 7 . 2 9 5 7 8 ) } 

1 5 0  0 1 2 = 0 1 2 - . 5  
1 6 0  D l 3 = ( X 3 - X l ) - 2 * A . 2 
1 7 0 D l 3 = 0 1 3 + ( Y 3 - Y l ) . 2 * B - 2 
1 8 0  D l 3 = 0 1 3 + ( Z 3 - Z l ) . 2 * C - 2  
1 9 0 D l 3 = 0 1 3 + 2 * ( X 3 - X l ) * ( Y 3 - Y l ) * A * B * ( C O S ( G A / 5 7 . 2 9 5 7 8 ) } 

2 0 0  D l 3 = D l 3 + 2 * ( Z 3 - Z l ) * ( X 3 - X l ) * A * C * ( C O S ( B E / 5 7 . 2 9 5 7 8 ) } 
2 1 0 D 1 3 = 0 1 3 + 2 * ( Y 3 - Y l ) * ( Z 3 - Z l ) * B * C * ( C O S ( A L / 5 7 . 2 9 5 7 8 ) ) 
2 2 0 0 1 3 = 0 1 3 - . 5  
2 3 0  Q z ( X 2 - X l ) * ( X 3 - X l ) * A . 2 

2 4 0 Q = Q + ( Y 2 - Y l ) * ( Y 3 - Y l ) * & - 2  
2 5 0  Q = Q + ( Z 2 - Z l ) * ( Z 3 - Z l ) * C . 2 
2 6 0  Q = Q +  ( ( ( X 2 - X l ) * ( Y 3 - Y l ) ) + ( ( Y 2 - Y l )  * ( X 3 - X l ) ) )  * A * B *  ( C O S  ( G A / 5 7 . 2 9 5 7 8 ) ) 

2 7 0 Q · Q � C ( ( Z 2 - Z l ) * ( X 3 - X l ) ) + ( ( X 2 - X l ) * ( Z 3 - Z l ) ) ) * A * C * ( C O S ( B E / 5 7 . 2 9 5 7 8 ) ) 
2 8 0  Q = Q +  ( ( ( Y 2 - Y l ) * ( Z 3 - Z l ) ) + ( ( Z 2 - Z l )  * ( Y 3 - Y l ) ) )  * B * C *  ( C O S  ( A L / 5 7 .  2 9 5 7 8 ) ) 
2 9 0  S = Q / ( 0 1 2 * 0 1 3 )  
3 0 0  S I = S Q R ( l - S . 2 )  
3 1 0 T = S I / S  
3 2 0  T = A T N ( T ) * 5 7 . 2 9 5 7 8 
3 3 0 I F  S < O  A N D  S I > O T H E N  T = T + l 8 0  
3 4 0 P R I N T " D i s t a n c e  1 t o  2 = " ; 0 1 2  
3 5 0  P R I N T " D i s t a n c e  1 t o  3 = " ; 0 1 3  
3 6 0  P R I N T " C o s  o f  t h e  A n g l e  = " ; S  
3 7 0  P R I N T " T h e  A n g l e  i s  = " ; T 

3 8 0  G O T O  6 0  
3 9 0  I N P U T " a  = " ; A  
4 0 0  I N P U T " b . = " ; B 
4 1 0  I N P U T " c  = " ; C 
4 2 0  I F  S < O  A N D  S I > O  T H E N  T 
4 3 0  I N P U T " a l p h a  = " ; A L 
4 4 0  I N P U T  " b e t a = " ; B E 
4 5 0  I N P U T " g a m m a  = " ; G A 
4 6 0  C L S : P R I N T A , B , C  
4 7 0  � R I N T A L , B E , G A 

T + 1 8 0  

4 8 0  I N P U T " t o c o n t i n u e  t y p e  y " ; Y $ 
4 9 0  I F  L E F T $ ( Y $ , l ) = " Y "  OR L E F T $ ( Y $ , 1 ) = " y "  T H E N  6 0  E L S E  G O T O  3 9 0  
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1 0  ' P R O G RA M  TO C A L C  H Y D R O G E N  A T O M  P O S I T I O N S  F O R  A R O M A T I C  C O M P O U N D S  A R O H  
2 0  C L S : I N P U T  " B O N D  L E N G T H  " ; B O N D  
3 0  A = 8 . 0 8 4  
4 0  B = 9 . 9 7 9  
s o  c = 2 0 . 6 9 6  
6 0  AL 9 0 ! 
7 0  B E  = 9 0 . 6 6 0 0 1  
8 0  G A  = 9 0 ! 

9 0  R A D  = 5 7 . 2 9 5 7 7 9 5 #  
1 0 0  A L  = A L / R A D  
1 1 0  B E  = B E / RA D  

1 2 0  G A  = G A / RA D  
1 3 0  C O S A L  C O S ( A L )  
1 4 0  S I N A L  S I N ( A L )  
1 5 0  C O S B E  = C O S ( B E )  
1 6 0  S I N B E  = S I N ( B E )  

1 7 0  C O S G A C O S ( G A )  
1 8 6 S I N G A  = S I N ( GA )  
1 9 0 A B C G  = A * B * C O S G A 
2 0 0  A C C B  = A * C * C O S B E  
2 1 0  B C C A  = B * C * C O S A L  
2 2 0  V = 1 ! - C O S A L * C O S A L  - C O S B E * C O S B E  - C O S G A * C O S G A  + 2 ! * C O S A L * C O S B E * C O S G A  
2 3 0  V = S Q R ( V ) 
2 4 0  V = A * B * C * V  
2 5 0  A S  B * C * S I N A L / V  
2 6 0  B S  = A * C * S I N B E / V  
2 7 0  C S  = A * B * S I N G A / V  
2 8 0  C A L S  = ( C O S B E * C O S G A - C O $ A L ) / ( S I N B E * S I N G A ) 
2 9 0  C B E S  = ( C O S A L * C O S GA - C O S B E ) / ( S I N A L * S I N G A ) 
3 0 0  C G A S  = ( C O S A L * C O S B E - C O S G A ) / ( S I N A L * S I N B E ) 
3 1 0  P R I N T " E N T E R  T H E  S I X  C A R B O N  A T O M S  I N  S E Q U E N C E  ( X , Y , Z )  " 
3 2 0  F O R  I = 1  TO 6 
3 3 0 I N P U T X ( I )  , Y ( I )  , Z ( I )  
3 4 0  N E X T  I 
3 5 0  C L S : P R I N T  " T O C H A N G E  AN A T O M  T Y P E  I T S N U M B E R  E L S E T Y P E  0 "  

3 6 0  F O R  I = 1  TO 6 
3 7 0 P R I N T I , X ( I ) T A B ( 2 5 )  Y ( I )  T A B ( 3 5 )  Z ( I )  
3 8 0  N E X T  I 
3 9 0  I N P U T  K 
4 0 0  I F  K = 0 T H E N  4 5 0  
4 1 0  I N P U T  " E N T E R  N E W  C O O R D I N A T E S  ( X , Y , Z  " ; X ( K ) , Y ( K ) , Z ( K ) 
4 2 0  G O T O  3 5 0  
4 5 0  A 1 ( 1 ) = 0 i : A l ( 2 ) = 0 : A 1 ( 3 ) = 0 
4 6 0  A 2 ( 1 ) = X ( 5 ) - X ( 2 ) + X ( 4 ) - X ( 3 ) + X ( 6 ) - X ( 1 ) 
4 7 0  A 2 ( 2 ) = Y ( 5 ) - Y ( 2 ) + Y ( 4 ) - Y ( 3 ) + Y ( 6 ) - Y ( 1 ) 
4 8 0  A 2 ( 3 ) = Z ( 5 ) - Z ( 2 ) + Z ( 4 ) - Z ( 3 ) + Z ( 6 ) - Z ( 1 )  
4 9 0  G O S U B  1 2 0 0  
5 0 0 R A T I O = B O N D / D  
5 1 0  H X = X ( 2 ) - A 2 ( 1 ) * R A T I O  
5 2 0  H Y = Y ( 2 ) - A 2 ( 2 ) * RAT I O  
5 3 0 H Z = Z ( 2 ) - A 2 ( 3 ) * R AT I O  
5 3 5  L P R I N T " X y 
5 4 0 L P R I N T

. 
" F O R  " ; X ( 2 ) ; "  " ; Y ( 2 )  ; "  " ; Z ( 2 ) ; "  " ; H X ; " 

5 6 0  A 2 ( l ) = X ( 6 ) - X ( 3 ) + X ( 5 ) - X ( 4 ) + X ( l ) - X ( 2 )  
" ;  H Y ; "  

5 7 0  A 2 ( 2 ) = Y ( 6 ) - Y ( 3 ) + Y ( 5 ) - Y ( 4 ) + Y ( l ) - Y ( 2 )  
5 a o A 2 < 3 > =· z < 6 )  - z < 3 > + z < 5 > - z < 4 > + z < 1 > - z <- 2 > 

Z "  
" ; H Z  



5 9 0  G O S U B  1 2 0 0  

6 0 0  R A T I O = B O N D / D  

6 1 0 H X = X ( 3 ) - A 2 ( 1 ) * R A T I O  
6 2 0  H Y = Y ( 3 ) - A 2 ( 2 ) * RA T I O  
6 3 0 H Z = Z ( 3 ) - A 2 ( 3 ) * RA T I O  
6 4 0  L P R I N T  " F O R  " ; X ( 3 ) ; "  " ; Y ( 3 ) ; "  " ; Z ( 3 ) ; " " ; H X ; " 

6 6 0  A 2 ( 1 ) = X ( 1 ) - X ( 4 ) + X ( 6 ) - X ( 5 ) + X ( 2 ) - X ( 3 ) 

6 7 0 A 2 ( 2 ) = Y ( 1 ) - Y ( 4 ) + Y ( 6 ) - Y ( 5 ) + Y ( 2 ) - Y ( 3 )  

6 8 0  A 2 ( 3 ) = Z ( 1 ) - Z ( 4 ) + Z ( 6 ) - Z ( 5 ) + Z ( 2 ) - Z ( 3 )  
6 9 0  G O S U B  1 2 0 0  

7 0 0  R A T I O = B O N D / D  

7 1 0  H X = X ( 4 ) - A 2 ( 1 ) * RA T I O  

7 2 0 H Y = Y ( 4 ) - A 2 ( 2 ) * RA T I O  
7 3 0 H Z = Z ( 4 ) - A 2 ( 3 ) * RA T I O  

" ; H Y ; "  " ; H Z 

7 4 0 L P R I N T  " F O R  " ; X ( 4 )  ; "  " ; Y ( 4 ) ; " " ; Z ( 4 ) ; "  " ; H X ; " " ; H Y ; "  " ; H Z  

7 6 0  A 2 ( 1 ) = X ( 2 ) - X ( S ) + X ( 1 ) - X ( 6 ) + X ( 3 ) - X ( 4 ) 
7 7 0 A 2 ( 2 ) = Y ( 2 ) - Y ( S ) + Y ( 1 ) - Y ( 6 ) + Y ( 3 ) - Y ( 4 ) 
7 8 0  A 2 ( 3 ) = Z ( 2 ) - Z ( 5 ) + Z ( 1 ) - Z ( 6 ) + Z ( 3 ) - Z ( 4 ) 
7 9 0  G O S U B  1 2 0 0  
8 0 0  RA T I O = B O N D / D  
8 1 0  H X = X ( S ) - A 2 ( 1 ) * RA T I O  
8 2 0  H Y = Y ( 5 ) - A 2 ( 2 ) * RA T I O  

8 3 0  H Z = Z ( 5 ) - A 2 ( 3 ) * RA T I O  

8 4 0  L P R I N T " F O R  " ; X ( 5 ) ; "  " ; Y ( S )  ; "  " ; Z ( S ) ; "  " ; H X ; "  " ; H Y ; "  " ; H Z 

8 6 0  A 2 ( 1 ) = X ( 3 ) - X ( 6 ) + X ( 2 ) - X ( 1 ) + X ( 4 ) - X ( 5 )  
8 7 0  A 2 ( 2 ) = Y ( 3 ) - Y ( 6 ) + Y ( 2 ) - Y ( 1 ) + Y ( 4 ) - Y ( 5 )  
8 8 0  A 2 ( 3 ) = Z ( 3 ) - Z ( 6 ) + Z ( 2 ) - Z ( 1 ) + Z ( 4 ) - Z ( 5 )  
8 9 0  G O S U B  1 2 0 0  
9 0 0  R A T I O = B O N D / D  
9 1 0  H X = X ( 6 ) - A 2 ( 1 ) * RA T I O  
9 2 0  H Y = Y ( 6 ) - A 2 ( 2 ) * RA T I O  
9 3 0  H Z = Z ( 6 ) - A 2 ( 3 ) * RA T I O  

9 4 0 L P R I N T  " F O R  " ; X ( 6 )  ; "  " ; Y ( 6 )  ; "  " ; Z ( 6 )  ; "  " ; H X ; " " ; H Y ; " " ; H Z 

9 5 0  I N P U T " F O R  AD D I T I O N A L  G R O U P S  T Y P E  Y " ; Y $ 
9 6 0  I F  L E F T $ ( Y $ i 1 ) = " Y "  OR L E F T $ ( Y $ , 1 ) = " y "  T H E N  3 1 0 E L S E  E N D  
1 2 0 0  D X = A 1 ( 1 ) - A 2 ( 1 ) 
1 2 1 0  D Y = A 1 ( 2 ) - A 2 ( 2 ) 
1 2 2 0  D Z = A 1 ( 3 ) - A 2 ( 3 ) 
1 2 3 0  I F  O X  < - . 5  T H E N  O X  - O X  + 1 ! 
1 2 4 0  I F  O X  > . 5  T H E N  O X  = O X  - 1 ! 
1 2 5 0  I F  D Y  < - . 5  T H E N  D Y  = D Y  + 1 ! 
1 2 6 0  I F  D Y  > . 5  T H E N  D Y  = D Y  - 1 ! 
1 2 7 0  I F  D Z  < - . 5  T H E N  D Z  = DZ + 1 ! 
1 2 8 0  I F  D Z  > . 5  T H E N  D Z  = D Z  - 1 ! 

7 3  

1 2 9 0  D D X * D X * A * A + D Y * D Y * B * B + D Z * D Z * C * C + 2 ! * D X * D Y * A B C G + 2 ! * D X * D Z * A C C B + 2 ! * D Y * D Z * B C C A  

1 3 0 0  D = S Q R ( D ) 
1 3 3 0 R E T U R N  
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