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THE PHENOMENON OF CONGLOMERATE 
CRYSTALLIZATION VI. 

HYDRATION POLYMORPHISM. I. 
THE SYNTHESES, CRYSTAL AND MOLECULAR 

STRUCTURES OF [ cis-,al-Co(trien)CI2]Cl.nH20 
With n = 3,2 

IVAN BERNAL 
Chcwiisir3. D i p i r f t w i i t ,  Uiiiwrsirv of Housroti. Houmii. TX 77004. U S A  

(Received Mq 12. 1986) 

Two hydration polymorphs Icis-a-Co(trien)CI,ICI.nH,O ( n  = 3 .  dark blue. IV: n = 2. red-purple. V)  were 
studied by singie crystal. X-ray diffraction methods. IV belonga to the triclinic system. crystallizing in Ihe 
space group PI with cell constants of u = 7.216(4). b = 8.47q.5). c = 1?.34X(6) A . a = 98.96(.5). 
fi  = 97.18(.5) and  y = 94.02(5)": V = 736.95 A '. d(calc: z = 2 )  = 1.647 gm-cm-'. V is monoclinic, 
crystallizing in the space group P&/n with cell constants of u = 7.323(8). h = 8.330(2). c = 22.h48(9) A .  
fi  = 9S.Y4(6)"; V = 1376.30 A'. d(calc: z = 4) = 1.677 grn-cm-I. The  structural analysis of I V  refined to 
final R and  R ,  values of 0.0604 and 0.0hX9. respectively. using 2108 observed data. That of V relined to 
0.0323 and 0.0413 with 2070 data. 

Despite the difference in the number of waters of  hydration and  space groups. the two cations are 
essentially identical and have the c k - a  geometry. The difference in colour is a solid-state artifact caused 
hy differences in orientation of the cation's axes to thc crystallographically developed faces. 

The average value of the Co-CI distances in  IV and  V are. respectively. 2.26S( I )  and 2.269(2) A a n d  the 
CII-Co-CI2 angles arc both 90.9(1)". I n  both compounds the cis < CI-Co-N angles are close to 90" while 
the cis < N-Co-N angles range from 85 to 95". For  both compounds. the distances Co-N: (secondary) are 
somewhat shorter than those between C o  and the terminal -NtI,  nitrogens. Since the lattices are 
centrosymnietric, enantiomeric pairs having energy-minima A(6A6) a n d  A(A6A) conligurations are 
present 

Keywords: Isomerism. hydrates. complexes. cobalt. trieii 

INTRODUCTION 

Studies by Bucliingham, Maxwell. Sargeson and  Freeman' -' of the stereochcmical 
properties o f  [Co(trien)XYJ"+ have provided a firm description of the geometry of 
these substances. In  the case of the B-c~nfo rmer l -~  the relationship between 
absolute configuration and optical (CD. ORD) properties have been described in 
detail.'-' A study of the angular strain present i n  the /3-conformer was analyzed4 as 
a model for a strain minimization program written to evaluate the experimental 
data then available. 

The structures (and. where relevant. absolute configurations) of racemic 
(cis-a-Co(trien)(NH,)CI](NO,) ( I ) ,5  (-),,,-[cis-a-Co(trien)(NO,),1C1.H,O (11): and 
(-)5e9-[cis-a-Co( L-3,8-dimethyltrien)(N02)J(C104) (11)' have been determinedt. These 
three seem at present to be the only structural studies of cis-a-Cotrien conformers. 
Interestingly, the parent of many of those molecules. the [cis-a-Co(trien)CI,)+ 
cation, has not been structurally characterized. 

In  order to prepare [cis-a-Co(trien)(NOz),1CI.H,O for purposes described 
elsewhere? we synthesized [cis-a-C~trien)CI,JCI which had differently been 
described in two previous  report^.^.^ Basolos described it as a "dark blue" 

'Abbreviations: trien = 1.4.7.10-tetraazadecane 
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338 1. BERNAL 

compound while Sargeson and  Searleg referred to it as "red purple". In this report. 
we describe the nature of the two species and show that they were correctly 
described in both8.9 reports, The  reason for the difference in their colour, melting 
point. crc.. is the subject of this report. 

EXPERIMENTAL 

S~tirlie.sc..c 

The procedure employed here is very similar to that given by Basolo.8 The blue 
solution obtained was allowed to cool overnight at room temperature (ca 21°C) and  
filtered. Deep blue crystals were obtained which were washed with ethanol until 
filtrates were clear. This procedure was repeated until no more crystals deposited. 
At this point. the solution was concentrated. HCI added and  placed in a 
refrigerator (at ca 2°C) whereupon red purple crystals formed. These were also 
filtered and  washed with ethanol. In both cases. examination of the crystals under 
a binocular microscope revealed 'them to be highly dichroic. the colour depending 
on the orientation of the crystals with respect to the illuminating beam. In both 
cases, the colour ranged from ruby-red to blue. Their composition was cvcntually 
found to be [Co(trien)Cl,]Cl.nH,O [IV. n = 3: blue: m.p. = 234°C (uncorr) and  V. 
n = 2: red: m.p. = 294°C. (uncorr)]. Upon long standing both samples lose water of 
hydration. as shown by elemental analyses'O and  by differential scanning 
calorimetry.11 

Despite the nearly total loss of water in a sample of 1V and the loss of nearly 
0.7 H,O in  a sample of V. their colours remained unchanged - IV was still deep 
blue and  V red purple. While there was noticeable dullness on the surface of the 
crystals. under the microscope one can still see in the partially dehydrated crystals 
the dichroic behaviour previously described. 

X-Ruj. Dutu Collectiori arid Processing 

Single intensity crystal data sets were collected with an Enraf-Nonius CAD-4 
diffractometer operating with the Molecular Structure Corporation TEXRAY-230 
rnodificationl2 of the SDP-Plus software package.') The crystal of (IV) was nearly 
cubic. having edges ca 0.35 mm. cut from a larger, broken fragment. The  data 
crystal for (V) was a plate of approximate dimensions 0.45 x 0.35 X 0.20 mm. Both 
were centered using data in the 20" < 20 < 30" range and  examination of the cell 
constants and  Niggli matrix" clearly showed them to crystallize in primitive 
lattices; IV was found to be triclinic while (V) is monoclinic. Systematic absences 
showed that V crystallizcs in the space group P2,ln, while IV could be either P1 or 
Pi. Both data sets were corrected for Lorentz-polarization effects but not for 
absorption. The scattering curves were taken from Cromer and Waber's 
compilation.15 All details of data collection and  processing are summarized in 
Tables I and 11. 

The structures were solved from Patterson maps. using the C o  as the heavy 
atom. The remaining non-hydrogen atoms were found in difference maps 
computed after a set of cycles of least-squares refinement. After all non-hydrogen 
atoms were found, they were refined isotropically to convergence. at which point 
the hydrogen atoms of the cation were added at idealized positions (N-H and  
C-H = 0.95 A ) and  all atoms allowed to refine with hydrogen thermal parameters 
fixed at 5.0A2. Upon convergence. non-hydrogen atoms were assigned anisotropic 
motion. Hydrogens of IV were refined with an  overall, isotropic, thermal 
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HYDRATE ISOMERS 339 

TABLE I 
Summary of Data Collection and Processing Parameters .for Racemic [cis-a-Co(trien)C12~C1.3H,0 

- 
Space group PI 
Cell Constants u = 7.216(4) A 

b = 8.474(5) 
c =  12.348(6) 
a = 98.96(5)” 
B = 97.18(5) 
y =  94.02(5) 
V = 736.95 A’ Cell Volume 

Molecular Formula C,H,,N,O,CI,Co 
Molecular Weight 365.575 gm mol-’ 
Density (calc; z = 2 mol/cell) 1.647 gm cm-’ 
Radiation Employed MoKa(X = 0.71073A) 
Absorption Coefficient 

Scan Width 
Maximum Scan Time 150 sec 
Scan Speed Range 
Total Data Collected 265 1 
Data Used in Refinementt 2108 
R = ZllFJ - IF&/ZLF,I 
R ,  = Zwz(lFJ - lF,()2/ZlFol’l”’ 
Weights Used w = [u(F0)]-’ 

~r = 16.20 cm-’ 

~8 = 1.05 +0.35tanB 

0.65 to 6.70” m i d  

Data Collection Range 4 “ = ~ 2 e < w  

0.0604 
0.0689 

+The difference between this number and the total is due to subtraction of 543 data which were standards 
and others which were redundant. symmetry related or did not meet the criterion that 1 >3u( l )  

parameter, those of V were refined independently. Lists of thermal parameters and 
structure factor data are available from the author upon request. 

RESULTS AND DISCUSSION 

The final positional parameters for IV and V are listed, respectively. in Tables 111 
and IV; bond lengths and angles are given in Table V. 

TABLE I1  
Summary of Data Collcction and Processing Parameters for Racemic [cis-cr-Co(tnen)CI,~CI.ZH,O 

Space Group 
Cell Constants 

Cell Volume 
Molecular Formula 
Molecular Wright 
Density (calc; z = 4 mol/cell) 
Radiation Employed 
Absorption Coefficient 
Data Collection Range 
Scan Width 
Scan Speed Range 
Total Data Collected 
Data Used in Refinementt 
R = XJIFJ - I F , I V Z ~ ~  
R, 7 (Zw’((F,I - lFcl)z/Wof 1”’ 
Weights Used 

R , l n  
u = 7.323(8) A 
b = 8.330(2) 
c = 22.684(9) 
f l  = 95.94(6)” 
V =  1376.30A’ 
C,H,,N,O,CI,Co 
347.559 gm mol-’ 

1.677 gm cm-’ 
MoKa(X = 0.71073A) 
p =  17.28 cm-’ 

A0 = 0.95 +0.3~tan19 
0.48 to 6.70” min-’ 
4501 
2070 
0.0323 
0.0413 
H’ = [u(F0)]-’ 

4 0 6  2e <60” 

‘The difference between this number and the total is due to subtraction of 243 I data which were standards 
and others which were redundant. symmetry related or did not meet the criterion that I > ? @ I )  
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340 '1. BERNAL 

TABLE 111 
Atomic Coordinates ( x  IOOO: Co. CI x 10.000) for the Triclinic Trihydrate with Estimated Standard Deviations 
in Parentheses. 
_____ 

Atom .YiU 

co 
CLI 
CL2 
c 1.: 
01 
02 
03 
NI 
N2 
N3 
N J  
CI 
c'2 
C' 
c.4 ,.- 
c' 

Ch 
HI 
H2 
113 
t44 
HS 
H6 
t i7  
HE 
1-19 
HI0 
111 I 
HI2 
I113 
H I 4  
HI5  
HI6  
HI7 
HI8 
11WI 
HW2 
HW3 
H WJ 
HU'5 

.3544(1) 

.2918(3) 

.6668( 3) 

.4275(3) 
-.0260(9) 

.1766(9) 

..W6(9) 
3Y30(9) 
.OR76( 8) 
.?50?(8) 
.3868(12) 
.48 I 5( 12) 
2 l62( I I )  
.04Y8( I I) 
0 I80( 10) 
1641( I I )  
.479( I )  
233( I )  
252( I )  
472( 1) 
.629( I ) 
465( 1 ) 
.487(1) 

,123 I (  10) 

.? 15( I )  

.207( 1 )  
- 074( I )  

027( 1 )  
.01 l ( 1  ) 

-.MM(l) 
-.113(1) 

Ib2( I )  
. I  36( 1) 
.380( 1) 
Ash( 1) 
.M9( 12) 
. O X I (  12) 
.154(14) 
. I96( 14) 
.745( 13) 

I 

.?ow 1 ) 

.?569(2) 

.2285( 3)  

.1579(3l 

.5043(7) 

.6766(9) 

.3')98(Y) 
,435 l (7)  
.1776( X )  
,161 6( 8) 

-.0258( 7 )  
.4676( 10) 
.33?2( 10) 
.Il63(10) 
. I 690( 10) 
.W% 
.497( 1 ) 
.47Y( I )  
.475( 1 ) 
.579( I )  
.345( 1 ) 
.?34( I )  
.OX@ 1 ) 
l6S( I )  

-.Ol3( I )  
. o Y I ( l )  
.291(1) 
.253( I )  
.023( I )  

- .039( 1 ) 
-.151(1) 

-.043( I ) 
-.075( I )  

-.I I15(9) 

- 2  l4( 1 ) 

.431(11) 

.470( I I) 

.470( 12) 

.332( 12) 

.3  I 5 (  12) 

.3567( I )  

.5338(2) 

.4 163(2) 
-. I372(2) 

.?407(7) 

.0243(7) 

.X653(7) 
34ny6) 
.2O26( 6) 
.3033(6) 
.3617(6) 
.2381(8) 
. I810(9) 
.1271(8) 
. I849( 7) 
,332 I(E) 
.3 129(8) 

.407(1) 

.37O( I )  

.192(1) 

.245( 1) 

.213( I )  

.W3(1) 

. I  85( 1 )  

.051(1) 

.109(1) 

.344(1) 

.280( I )  

.225( I )  

.353( I )  

.447( I )  

.316(1) 
5 7  l(8) 
.735(9) 
.XY9(9) 
, 843  9 )  
.YIj(S) 

.149(1) 

. I74( 1 )  

.418(1) 

1 

FIGURE 1 
numbering system is common  to both since they are  essentially identical (see Discussion and  Figure 4). 

The  stereochemistry of both cations (1V a n d  V )  are illustrated with this stereo plot. The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDRATE ISOMERS 34 I 

TABLE IV 
.4rornic Coordinate5 (x IOOO: Co. CI x 1O.ooO) (or the Monoclinic Dihydratc with Estimated Standard 
Deviations in Parenthcscs. 

Atom X/U y/b Z/C 

C",I .67249( 8) .25799(8) .Y5415(3) 

01 -.0735(4) -.I 786( 3) .8040( 1 ) 

N2 .4 I90( 3)  .2475( 3) .X395( I )  
N! .1093( 3) .2841(3) .X933( I )  
N4 .?745(3) .4Y57(3) .Y227(1) 

Co .369 I8(4) .2.5986(4) .92213( I )  

c L2 296 I2(9) .25005( X)  1.01674(3) 
CL7 .X8.599( 12) .06827(9) .69662(4) 

02  -.O I62(3) -.045 1 ( 3 )  .9163( 1) 
NI .3682( 3) .0232(3) .9193( I ) 

C I  .3Y45(4) -.O382( 3) .8596( I )  
c2 ,501 O(4) .0874(3) .8293( I ) 

c'4 .1)793(4) .245?( 2) .8288( I )  
c'5 .0488(4) ,449 1 ( 3) .W88( 1 ) 
c 6 .1975(4) .5663(3) .8968( I )  
HI .470(5) -.006(4) .946(2) 
H? .268(3) -.02 I(4) .935( I ) 
H3 .270(4) -.053(4) .X37( 1 ) 
H 4  .461(5) -. 134( 5 )  .864(2) 
H5 .627(5) .106(j) .848( 2) 
Hh .509(5) .075(4) .787(2) 
H7 .49.5(4) .320(4) .833( I )  
HS .253(5) .387(5) .790(2) 

c3 2-19 7( 4) .2853(3) ,7991 ( I )  

HY .246(5) .2?1(4) .762( I ) 
HI0 -.025(5) .303(5) . 809(2 )  
HI 1 .056(4) . I24(4) .825( I )  
H I 2  .046(4) .220(4) .910(1) 
HI3  .031(4) .446(4) .950( I ) 

H 16 .208(5) .s7 I (  5 )  .851(2) 
HI7 .470(5) .5?7(5) .903(2) 
H I S  .397(4) .s2 l(4) .9SY( I ) 
HIY .035( 5 )  .085(5) . I  14(2) 

H27 l04(S) .121(6) .?27(2) 

H I4 -.066(4) .47 I(4) .886(1) 
HI5 . I80( 5) .662(S) .917(1) 

H'O .U84( 6) .O76( h) .061(2) 
H2 I .I55(6) .238(4) .196(2) 

0 

0 
B 

0 

FIGLIRE 2 
.... CI .... H,O ._.. H,O ..._ H,O .... CI .... running through the lattice. 

Packing o t ' t h r  ions and  the three waters of hydration in compound IV. Note the strings 
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342 1. BERNAL 

TABLE V 
Bond Lengths (A) and Angles (”) With Estimated Standard Deviations in 
Parentheses. 

Bond Distances 

IV V 
co-CII 2.270(2) 2 .?64( 1 ) 
co-c12 2.267(2) 2.266(1) 
CO-N 1 1.972(?) 1.950(2) 
CO-N? 1.939(7) 1.950(2) 
Co-N3 1.945(6) I .958(2) 
C O - N ~  1.963(6) 1.965(2) 
NI-CI 1 .&5( 10) I .480(4) 
CI-c2 1 .504( I 1 ) 1.51 l(4) 

N?-C3 1.493 10) I .496(3) 
c3-c.l 1.530(11) 1.515(4) 
N3-C4 l.465( 10) 1.492(3) 
N3-CS I .484(9) 1.497(3) 
C5-Ch 1.5 18( 10) I .508(4) 
N 4 C 6  1.490(8) 1.488(3) 

N2-C: 1.493(9) 1.490(4) 

Bond Angles 

N I -CO-CI I 
NI-Co-CI? 
NI-CC-N~ 
N I-CO-N~ 
N 1 -CO-N4 
N2-Co-CI 1 
N2-Co-CI2 
N2-Co-N3 
N?-Co-N4 
N3-Co-CII 
N3-Co-CI2 
N3-CeN4 
N4-Co-CII 

CO-NI-CZ 
NI-Cl-C? 
C1 -CZ-N2 
C?-N?-C3 
C3-NZ-Co 
N?-C3-C4 
C3-C4-N3 
C4-N3-C0 

NJ-CO-C12 

C4-N3-C5 
CL-Nj-CO 
N3-C5-C6 
C5-C6-N4 
C 6 - N I C o  

1v 
90.7(2) 
90.0(?) 
85.4(3) 
94.90) 

178.6(3) 
9 2 3 2 )  

174.3(2) 
86.8(3) 
93.3( 3 )  

174.3(?) 
90.4(2) 
85.8(3) 
88.7(2) 
91.3(?) 

112.2(5) 
108.?(7) 
10837)  
I I1.7(5) 
I Il.7(5) 
l08.6(7 ) 
I10.?(7) 
110.9(5) 
114.3(?) 
109.?(4) 
l08.3(6) 
l07.?(6) 
I Il.4(5) 

~ 

V 
9o.q I ) 
89.7(1) 
85.2(1) 
9 .53  1 ) 

1 7 8 3  1 ) 
91.9(1) 

174.2( 1 ) 
8 7 3  1 )  
93. I (  1 ) 

I74.4( I ) 
9o.?( I ) 
85.3( I )  
89.2( I ) 
9?.1(1) 

112.0(2) 
107.4(2) 
108.3(2) 
I14.5(?) 
I10.6(2) 
I10.5(?) 
I I O . l ( Z )  
110.2(2) 
113.6(7) 
108.5(1) 
108.4(2) 
Io6.8( 2)  
112.1(2) 

The two cations are essentially identical (vide injra); therefore, since the same 
numbering system was used for both, only one of them is shown (ORTEP16 stereo 
plot. Figure 1). Separate packing diagrams (Figures 2 and 3) are given for both and 
a stereo (BMFIT”) comparison is presented in  Figure 4 in which the two cations 
are superimposed. BMFIT” finds the best least-squares f i t  for the two molecules 
and generates an  ORTEP16 coordinate file. Fo r fhe  purpose of observing the effect 
of packing forces on the stereochemistry of these cations, Figure 5 was plotted. In 
this BMFIT” stereo plot. we compare the cation of V with that of 11. The rationale, 
behind this plot is the following: 11 crystallizes in the non-centrosymmetric space 
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FIGURE 3 Packing of the ions and the two waters of hydration in compound V. Note the strings 
.___ CI .... H,O .... H,O .... C1 ..._ running through the lattice. One is particularly clear in the lower left side of the 
cell near the label ORG. 

FIGURE 4 A BMFIY’ comparison of the two I~i~-a-Co(trien)CI,1’ cations (IV and V). ‘Thu cation IV 
was used as the standard and V was least-squares fitted to it: the criterion used was minimizing distances 
between the Co. NI .  N2. N3 and N4 atoms. 

FIGURE 5 A BMFIT” cornparison of [cis-a-Co(tnen)CI,I+ and [cr.\-a-Co(tnen)(NO,),I+ (cations IV 
and 11). The cation IV was used as the standard and 11 was .least-squares litted to’ it: the criterion used 
was minimizing distances between the Co. NI .  N?. N3 and N4  atoms. 
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344 1. BERNAL 

group P 7 , 2 , 7 ,  while IV and  V crystallize.in the centrosymmetric space groups Pi 
and P7,/r1.  Therefore. i f  packing has a significant effect on the geometry of these 
cations. we should see them in these comparisons. 

Originally. the principal aim of this study was to establish the geometrical 
parameters for the cation [cis-a-Co(trien)Cl,j+ a species which has played a 
fundamental role in the syntheses and  in kinetic and  spectral studies of the cis-& 
geometrical isomers of CNtrien). The  fact that the chloride was reported to exist in 
two different coloured forms provided additional impetus for the study of these 
species. I n  retrospect. we found that the problem arose probably as a result of the 
fact that previous  investigator^^^^ followed the traditional method of dryirzg their 
samples prior to submission for elemental analysis, therebjf eliminating the d@wzce 
henwen t h  est, n w  hydra tio I I p o  [vmo rp 11s. 

A few final comment on the effect of the lattice forces and  of changes of the X Y  
ligands on the stereochemistry of the cis-a-Co(trien) fragments of 
( c i s - a - C o ( t r i e n ) a  are in order. 

1 )  As is visually displayed in Figures 4 and 5. neither changes in the nature of 
the lattice forces. nor XY ligand changes. have much of an effect on the 
geometrical parameters of the [cis-a-Co(trien)] skeleton. 

7 )  The [ci,r-a-Co(trien)XY] moieties have a nearly perfect two-fold axis of 
symmetry. present even though it is not crystallographically required. This 
point was raised previously6*'* while discussing the geometry of the 
lcis-a-Co( trien)(NO,),]+ cation in two totally different environments - both chiral. 
Here. we compare the stereochemistry of the [cis-a-Co(trien)CI,]+ cation in 
two different centrosymmetric environments. We also compare them with the 
Ici.s-a-Co(trien)(NO,),]+ cation as found in a chiral environment6 

3)  Quantitatively. these observations can be summarized by the information 
given below. which was computed with BMFIT." 

C o m d  IV Atom I .Compd. V Atom 2 Compd I 1  Atom 3 Dist 2-I(A)-Dist.2-3(A) 

C O  
('I 
CI 
N4 
N3 
N 2  
N I  
Ch 
C5 
CJ 
c'3 
C2 
CI 

co 

N I  
N 2  
N3 
N J  
CI 
C2 
c3 
C-l 
c5 
C6 

0 . 0 3  
0.116 
0. I 1 3 
0 . 0 3 5  
0.020 
0.041 
0.0'9 
0.147 
0.137 
0.0M 
0.059 
0.100 
0.144 

0.010 
not relevant 
not relevant 
0.026 
0.01 I 
0.020 

0.08 I 
0.058 
0.103 
0.160 
0.121 
0.038 

n.oo2 

I t  is worth remarking that using BMFIT. the same comparison can be made 
between IV and  V as described by the crystallographic data and  by rotating one of 
the molecules about the axis bisecting the CII-Co-C12 angle. This was done in the 
current case and  one  of the two is listed above. Furthermore. there is an  equally 
good. if not better. fit between the (c~-a-Co(trien~NO,~NO,),]+ cation I1 and  one of the 
(c.is-a-Co(trien)Cl,)' cations V as there is between cations IV and V. Consequently. 
i t  is clear that neither the packing forces nor the change of X Y  = Cl, to 
XY = (NO,), has a significant effect in the overall geometrical features of the 

'Note that the relerence atom. for all these comparisons. is the relevant atom in compound V 
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[cis-a-Co(trien)XYl moiety. In fact, one of the most important differences between 
the Icis-cu-C~(trien)(NO,),lf cation I1 and the [ck-a-C~(trien)CI,]~ cations IV and V 
is that, in the former, the N-Co-N angle is6*18 cu 88.5" whereas in the two 
cis-dichloro cations this angle is cu 91". 
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