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The synthesis and resolution of cis-@-(RR,SS)- 
Cr(ox)(entnen)’ is described and from these, racqmic 
or chiral cis-cY-CrXY(entnen)nC can be prepared. (X = 
Y = CT; NCS; CFJCO;; OH, : X = Cl, Y = OH,). 
The previously known transCrCI, (entnen)+ is 
assigned to the (RS)-see-NH configuration. Kinetic 
parameters for the acid hydrolysis of the first chloro 
ligand from cis+CWlz(entnen)’ are k, (298.2) 
(0.1 M Hy03) = 4.12 X IO* s-‘, E, = 74.2 k.1 
mar’, ASfi = -69 J K-’ moT’. For base hydrolysis, 
corresponding data for trans{RS)-CrXz (entnen)+ are 
X = Cl, koH (298.2) (0.1 M NaCl) = 0.28 M-’ s-l, 
E, = 97.9, AS’ = +65; X = Br, koH (298.2) (0.1 M 
NaCl) = 91.8 M-’ s-l, E, = 114, LIS’ = +167; and 
for cis-c+CrCl~(entnen)‘. koH (298.2) (0.1 M NaCl) = 
0.52 M-’ s-l. 

Introduction 

Transition metal complexes of the linear tetra- 
amine ligand entnen can potentially adopt several 
isomeric configurations (Fig. l)* [ 1, 21. The synthe- 
sis of unspecified cis and trans-dihalo isomers for 
Cr(II1) has previously been described [3-51 but 
only for trans-R,S-CrX,(entnen)’ (X = F [6], NCS 
[7]) has the set-NH isomeric configuration been 
confirmed by single crystal X-ray methods. 

- 

*Abbreviations used: en = NH2(CH,),NH,, tn = NHz- 

(CH2)3NHz, trien = NHz(CHz)zNH(CHz)2NH(CH&NH2, 
enmen = NH:,(CH&NH(CH,),NH(CH2)2NH2, tnentn = 

NHz(CHz)3NH(CHz)zNH(<:Hz)3NH2, cyclam = 1,4,8,11- 

tetraazacyclotetradecane, teta = C-meso-5,7,7,12,14,14-hexa- 
methyl-l ,4,8,11-tetraazacyclotetradecane, ox = oxalate, 

DMF = dimethylformamide, (+)-H2BzOT = (-)-dibenzoyl- 

tartaric acid, (+)-BCS = (+)-ar-bromocamphor-n-sulphonate, 
TFA = CF3C0;. 

0020-l 693/83/$3 .OO 

In this paper we describe our attempts to extend 
the available information on Cr(HI) entnen com- 
plexes. . 

Experimental 

The free amine was prepared by the method of 
Brubaker and Schaefer [8] . In our hands, the yield 

A-(SS)-c&-a A-CSS)-c&s-p (S5J-t~ 

A-(R,S)-c&-f3 (R,S)-t~ 

x X 

Nli, X 
A-( RR)-s-a A-(RR)-=-@ (RR&tram 

x H 

NH;‘i)N 

‘tvtH = 
X/ \I , ,) 

N/h X 

A-(R,S,-c&-(3 (R,S)-tram 

Fig. 1. Interconfigurational relationships for the CrX2- 

(entnen)“+ system. 
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of amine was ca. 50% (100 g en and 48 g 1,3-dibro- 
mopropane giving 20 g of ligand) and this is probably 
the experience of others [3, 5, 9, lo] as yields have 
not previously been reported. trans-(R,S)-[CrF*- 
(entnen)] C104 was prepared as described previously 

[51* 
Analytical data are presented in Table I. 

CAUTION: Although we have had no difficulty with 
the perchlorate salts of the complexes described in 
this paper, these should be treated as potentially 
explosive compounds. 

Direct Synthesis of cis- and trans-Dichloro(l,4,8,11- 
tetraazaundecane)chromium(III) Perchlorate, [CrC12 - 
(entnen)JC104 

Hydrated chromium(III) chloride, CrCla*6H,O 
(8.3 g) was dissolved in DMF (60 ml) and the solu- 
tion heated to boiling with continuous (magnetic) 
stirring. Boiling was continued until the volume was 
reduced to 40 ml and the now violet solution was 
cooled to about 100 “C. 5 ml of 1.4,8.11-tetraaza- 
undecane was carefully added and the temperature 
again raised to boiling. Violet crystals of the cis-/ 
trans-dichloro chloride isomeric mixture deposited 
and vigorous stirring was required to prevent ‘bump- 
ing’. After 5 min boiling, the reaction mixture was 
allowed to cool to room temperature, the prcduct 
removed by filtration and washed with 2-propanol 
and then ether. The yield of crude air dried material 
was 8.5 g (86%). 

2 g of the crude mixture was dissolved in 60 ml 
of 0.1 M HCl and warmed at 80 “C until all the solid 
had dissolved (ca. 5 min). HC104 (5 ml, 60%) was 
then added and the resulting green crystals (1.0 g, 
40%) of Pans-[CrCl,(entnen)] ClO., that deposited 
from the cooled, red coloured solution were collect- 
ed by filtration and washed and dried as above. An 
equal volume of 12 M HCl was added to the aqueous 
mother liquor which was heated to 80 “C for 15 min. 
Violet crystals of cis-[CrCl,(entnen)] C104 (0.8 g) 
deposited from the cooled solution overnight. These 
were collected, washed and dried as above. The 
trans-isomer is assigned to the R,S-configuration and 
the cis- form, to the cis-a-RR,SS- (see Discussion). 

Indirect Synthesis of transR,S-(CrCI, (entnen)JClO, 
truns-R,S-[CrF?(entnen)] Cl04 [5, 61 (2.0 g) was 

suspended in 12 M HCl (30 ml) and warmed at 40 “C 
for 5 min until dissolved. HC104 (5 ml, 60%) was 
then added and the reaction mixture was heated 
on a steam bath (-80 “C) for 1-2 hrs, during which 
time green crystals (1.5 g) of trans-R,S-[CrCl,- 
(entnen)] C104 deposited. These were collected by 
filtration from tlte room temperature solution and 
washed and dried as previously. The IR spectrum of 
this material was identical to that of the trans-isomer 
prepared in the direct synthesis. This perchlorate salt 
is only sparingly soluble in water but may be recrys- 
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tallised from DMF. The perchlorate salt (1 g) was 
dissolved in 30 ml of 60 “C DMF and 20 ml of 0.1 M 
HC104 containing 5 g of dissolved NaC104*Hz0 was 
added. The product that deposited was recovered 
from the ice cooled solution as described above with 
an almost quantitative yield. 
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cis-Oxalato(l,4,8,11 -tetraazaundecane)chromium(HI) 
Bromide and Perchlorate, cis-/Cr(ox)(enmen)] C20, 

NazCr207*2H,0 (7.0 g) was added in small por- 
tions to a slurry of oxalic acid dihydrate (21 g) in 
water (150 ml). (Care, vigorous CO* evolution). The 
now warm solution was heated on a steam bath for 
15 min until all CO? evolution ceased, before adding 
entnen (8.7 g). Steam bath heating was continued for 
ca. 2 hr and NaBr (20 g) was added to the now 
orange coloured solution. Orange crystals contami- 
nated with sodium oxalate deposited from the ice 
cooled solution. One recrystallisation from the mini- 
mum amount of 60 “C water containing excess NaBr 
gave 7.5 g of the orange bromide salt of suffi- 
cient purity for subsequent resolution. The water 
insoluble perchlorate salt (3.5 g) was isolated from 
the mother liquor by the addition of excess NaC104* 
HzO. The cis-fl-RR,SS- configuration is assigned to 
this complex (see Discussion). 

Resolution of (_+)-cis-/3RR,SS-/Cr(ox)(entnen)]Br 
The once recrystallised bromide salt (2.0 g) was 

dissolved in Hz0 (50 ml) at 45 “C and NH4 [(t)BCS] * 
(2.0 g) was added. A crystalline precipitate (3.0 
g of the BCS salt, 30% optically pure A) formed 
immediately and this was filtered from the warm 
solution and washed with isopropanol and then ether. 
NaC104*H20 (5 g) was added to the 45 “C aqueous 
mother liquor to precipitate 1.2 g of the perchlorate 
salt (50% optically pure A) which was washed and 
dried as above. The optically impure (+)-BCS salt 
(3.0 g) was dissolved in 1.50 ml of 80 “C water and 
allowed to cool slowly overnight. 0.8 g of optically 
pure (+)-A-cis-/3-(RR)-[Cr(ox)(entnen)] [(+)BCS] was 
collected ([Ae],,, = to.91 K’ cm-‘, HzO). Addi- 
tion of NaC104*Hz0 to the mother liquor gave 1.3 g 
of the racemic perchlorate salt. 

The less soluble (t)-BCS enantiomer is a distinct 
rose red colour, whereas the racemic (+)-BCS salt 
is orange. 

The bromide salt can also be resolved with (+)- 
HzBzOT* using the method previously described 
for similar Cr(lI1) oxalato tetraamine complexes 
[ 1, 1 l] . In this case the A-cis$(SS)- is the less 
soluble diastereoisomeride ([Ae],,,, = -0.90 K’ 
cm-‘). 

*See footnote on p. 1. 

Indirect Synthesis of (+) or (+)-cis-[CrCIZ(entnen)j- 
Cl04 

(a) [Cr(ox)(entnen)] Cl04 (3.5 g) was warmed at 
40 “C in 15 ml of 12 M HCl with the initial orange 
colour changing to violet (15-30 mjn, the reaction 
is complete in 4 hr at room temperature, Fig. 2) 
HC104 (5 ml, 60%) was then added, and 2.0 g cis- 
[CrCla(entnen)] ClO4, identical to that produced 
in the direct synthesis, was collected after overnight 
cooling. 

(b) [Cr(ox)(entnen)] C104 (0.5 g) was slurried with 
SOClz (10 ml) plus 3-4 drops of water at room 
temperature for 6 hr (care HCl fumes). Occasional 
addition of water or SOCla was necessary due to 
evaporation. Methanol (15 ml) was added dropwise 
(care, violent reaction), followed by HCl04 (3 ml, 
60%). The violet crystals (0.45 g, 84%) were collected 
one hour later from the ice-cooled solution. This 
material was identical to that produced by method 
(a) or the direct synthesis. (+)-Acis-o-(ZU)-(CKZz- 
(entnen)] C104 can be obtained from (+)-A-&-& 
(RR)-[Cr(ox)(entnen)] [(+)BCS] using method (b). 

cisDiisothiocyanato(I,4,8,11 -tetraazaundecane)chro- 
mium(IH) Thiocyanate. Racemic or chiral cis-[Cr- 
(NCS), (entnen)] NC’S 

2.0 g of cis-[CrCl,(entnen)] C104 were dissolved 
in 50 ml of 60 “C 1 M acetic acid (20 min) and 10 g 
of (NH4)NCS was added. The solution was heated 
at 80 “C for 4 hours before collecting 1 .O g of the 
orange crystalline product. This was washed with 
2-propanol and then ether and air dried. The salt is 
readily soluble in acetone and methanol. 

A similar reaction with A(-)-cis-cu-(SS)-[CrCl*- 
(entnen)] C104 gave A-&o-(SS)-[Cr(NCS)a(entnen)] - 
NCS. ([Ac]sse, 50% acetone/O.1 M HCl = to.083 K’ 
cm-‘). 

(+)-cis-cu-(RR,SS)-TriJIuoroacetato(I,4,8,II-tetraaza- 
undecane)chromium(IH) Perchlorate, Monohydrate. 
[Cr(TFA)z (entnen)J ClO,.Hz 0 

2.0 g of cis-ar-RR,SS-[CrCl,(entnen)] C104 was 
refluxed with 2 M trifluoro acetic acid (50 ml) for 
four hours to give an orange product (1.7 g) which 
crystallised on cooling at -5 “C overnight. The solid 
is soluble in most alcohols and was washed with 
ether. 

Kinetics 
Methods used to determine the rates of acid 

hydrolysis of the first chloro ligand from cis-c+CrCl~- 
(entnen)* and the rates of base hydrolysis of the first 
halo ligand from cis-cY-CrClz(entnen)+, trans-(R,S)- 
CrClz(entnen)+, Pans-(R,S)-CrBr,(entnen)’ and trans- 
CrClz(cyclam)’ have been adequately described in 
previous publications [ 1,12, 131 . 

The perchlorate salt of cis-c+CrClz(entnen)+ was 
sufficiently soluble in the reaction media used (0.1 M 
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TABLE II. CD Spectral Parameters for Some A-cis-(SS)-[CrXY(entnen)]“‘Complexes. 

D. A. House and D. Yang 

XY Solvent h (nm), Ae (M-l cm-‘) (Ml 589 
(” M-l m-l ) 

(+)-p-ox 1MHCl 482 394 366 344 435 420 383 346 +260 

(+0.910) (0) (-0.142) (0) 
(-)-Cu-Cl, 12MHCI 550 490 475 450 435 420 383 346 -265 

(-0.190) (0) (+0.020) (0) (-0.016) (0) (+0.113) (0) 

DMF 570 550 520 445 386 345 -188 

(+0.094) (0) (-0.177) (0) (+0.181) (0) 

(-)-ol-(Cl)(OHa) 0.1 M 545 525 485 422 380 350 -425 

HNOs (GO.236) (-0.217) (-0.326) (0) (+0.127) (0) 

(-)_cr-@Hz )z 0.8 M 522 492 460 402 375 300 -334 

HC104 + Hg*+ (-0.426) (0) (+0.485) (0) (-0.135) 0 
or-(TFA)? MeOH 505 445 400sh 370 a 

(+0.082) (0) (-0.03) (-0.06) 
(Y-(NCS)a 50% acetone 530 490 450sh 380 a 

0.1 M HCl (+0.083) (0) (-0.072) (-0.216) 

aNot measured 

Fig. 2. CD spectral scans with time for the inversion reaction: 
A-cis-p-(RR)Cr(ox)(entnen)’ + A-cis-a-(RR)-CrCla(entnen)t 

in 12 M HCl at room temperature. The dashed curve corres- 

ponds to A-cis-pCr(ox)(enmen)’ in 0.1 M HCl. Reading 

downwards at 500 nm (solid lines) the times are 0, 29, 75, 
143 and 334 min. 

HNOa or 0.1 M NaCl) but the perchlorate salts of the 
other complexes were first dissolved in the minimum 
amount (<l ml) of dimethylformamide before adding 
the appropriate reaction medium. Controls showed 
that rate constant obtained was independent of the 
amount of DMF used under the experimental condi- 
tions. 

Results 

Dichloro-, difluoro- and oxalato- entnen 
complexes of chromium(II1) have been synthesised 

using standard procedures [l, 5, 14. IS] and the 
anion0 ligands can be repiaced by aquation-anation 
methods in aqueous acidic solution without exten- 
sive Cr -N bond rupture [ 161 . 

Cr(ox)(entnen)’ has been resolved with (+)BCS 
or (+)HBzOT- anions to give the A- and A-isomers 
as the less soluble salts. respectively (Fig. 2). The 
A isomer is characterised by a strong positive circular 
dichroism at 480 nm [ 111 (Table II) but it is not 
possible to assign which of the two alternative confi- 
gurations (cis-a-(SS)- or cis-fl-(RR)-) are adopted 
(Fig. 1). Treatment of A-(+)-Cr(ox)(entnen)’ with 
12 M HCl (or SOCl,/H20) results in conversion to the 
dichloro, with inversion of configuration (Fig. 2). 
Thus this system probably follows the course estab- 
lished for A-cis-P-(SS)-Cr(ox)(trien)+ [ 17, 181 viz.: 

12MHCI 
ri-c?s-/3-(RR)Cr(ox)(entnen)’ ----+ 

A-cis-cr-(RR)-CrCl,(entnen)’ 

and the chiral or racemic cis-a-dichloro have been 
isolated as the perchlorate salts. 

The direct addition of entnen to CrC13*6Hz0, 
dehydrated in boiling DMF, gives a cis- plus trans- 
dichloro mixture with at least 40% trans isomer in 
the purple [CrCll(entnen)] Cl*H20 product. The 
cis- and trans- dichloro complexes are readily separat- 
ed as the perchlorate salts and the c&o-isomer so 
formed is identical to that produced by the removal 
of oxalate from Cr(ox)(entnen)+ using either SOCIJ 
Hz0 [ 171 or 12 llri HCl. We suspect that previous 
preparations [3, 71 of the cis-complex have been 
considerably containated with the trans- isomer. as 
the molar extinction coefficients measured for purifi- 
ed cis-a-CrClz(entnen)+ (Table III) are considerably 
greater than those reported earlier [3] 
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TABLE III. Visible Absorption Spectral Parameters for some cis-CrXY(N4)n+ Complexes. 

183 

N4 X Y Solvent *In,, &rin h max Note 

(en)2 

o-(RR,SS)-trien 

p-(RR,SS)-tnentn 

(?)-entnen 

o-(RR,SS)-entnen 

(en)2 

mu-(RR,SS)-trien 

P-(RR,SS)-tnentn 

or-(RR,SS)entnen 

(en)2 

cu-(RR,SS)-trien 

p-(RR,SS)-trien 

o-(RR ,SS)-entnen 

(en)? 

o-(RR,SS)-trien 

a-(RR,SS)-entnen 

trairs-(RS)entnen 

(en)2 

p-(RR,SS)-trien 

P-(RR,SS)-tnentn 

p-(RR,SS)-entnen 

or-(RR,SS)-entnen 

Cl 

Cl 

Cl 

Cl 

Cl 

OH2 

OHz 

OH2 

OH2 

OH2 

OH2 

OH2 

OH2 

NCS 

NCS 

NCS 

NCS 

ox 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

OH2 

OH2 

OH2 

OH2 

NCS 

NCS 

NCS 

NCS 

ox 

ox 

ox 

TFA TFA 

0.1 MHCI 

0.1 M HCl 

0.1 M HNOa 

1.5 M HC104 

0.1 M HNOs 

0.1 M HCl 

I .5 M HC102 

0.1 M HNOs 

0.1 M HNOs 

H+ 

3 M HC104 

Hg2+/HN0s 

O.lM HC104 

O.lM HCI 

50% acetone 

0.1 M HCl 

H2O 

l.OM H+ 

2 M HNOa 

O.lM HCl 

H2O 

50% 

MeOH/H20 

528 

(70.6)b 

535 

(95.5) 

526 
(63) 

527 

(78) 
526 

(99) 
512 

(73.5) 

515 

(83.5) 

503 

(65) 
509 

(94) 
484 

(67.0) 

497 

(72) 
503 

(65) 
483 

(82) 
485 

(127) 
488 

(157) 
490 

(136) 
485 

(92.7) 

496 

(91) 
495 

(147) 
493 

(103) 
491 

(ILL) 
486 

(86 .O) 

456 

(20.7) 

455 

(28.5) 

459 

(20) 

455 

(29) 
440 

(21.9) 

440 

(25.7) 

43.5 

(22) 
447 

(26) 
417 

(17) 
420 

(22) 
435 

(22) 
415 

(25) 
418 

(35.6) 

420 

(36.9) 

421 

(38.1) 

426 

(19) 
420 

(337) 
413 

(17) 
420 

(20) 
416 

(23.3) 

402 

(68.5) 

396 
(86.7) 

404 

(65) 
404 

(76) 
402 

(91) 
387 

(60.0) 

385 

(56.2) 

385 

(51) 
386 

(75) 
367 

(42.5) 

372 

(36) 
385 

(51) 
366 

(56) 
372 

(83.6) 

372 

(86.7) 

376 

(84.3) 
362 

(69.5) 

372 

(85) 
370 

(104) 
370 

(100) 
369 

(97) 
370 

(60.0) 

a 

0 

e 

f 

b 

d 

e 

g 

1 

d 

e 

j 

c 

g 

k 

‘D. .I. MacDonald and G. S. Garner,J. Am. Chem. Sot., 83, 4152 (1961). bNumbers in parenthesis are the molar extinction 

coefficients, M-l cm-l. ‘D. A. House and C. S. Garner,J. Am. C?zem. Sot., 88h21S6 (1966). dC. Y. Hsu and C. S. Garner, 

Znorg. Chim. Acta, 1, 17 (lq67). eRef. [I]. fRef. [3]. &rhis research. .D. A. House and C. S. Garner, J. Inorg. Nucl. 
Chem., -38, 904 (1966). 

kRef. [7]. 
F. Woldbye, Acta Chem. &and., 12, 1079 (1958). ID. A. House, J. Inorg. Nucl. Chem., 35, 3103 

(1973). ‘R. Davies and R. B. Jordan,Znorg. Chem., 10, 2432 (1971). m.L Veigel,Znorg. Chem., 7, 69 (1968). 
The oxalato complex is now assigned to the cis-p-(RR,SS)- configuration. 

It is interesting to note that the analogous cis- 

CoC12(entnen)+ complex has been, with good reason, 
tentatively assigned to the /3-(RR,SS)- configuration 
[ 191 . The trans-dichloro isomer isolated from the 
direct synthesis is identical to that produced by treat- 

ment of truns-(RS)-[CrF2(entnen)j C104 [6] with 12 
M HCl and is thus assigned to the (RS)-configuration 
(Fig. 1). 

In dilute aqueous acidic media, A-cis-a-(SS)-CrC12- 
(entnen)’ aquates to form A-cis-o-(SS)-CrC1(OH)2- 
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TABLE IV. Pseudo-first-order Rate Constants for the First 

Step in the Acid Hydrolysis of cis-olCrCls(entnen)fin 0.1 M 

HNOs. 

T 
“C 

lo4 kHa 1 O4 kH(calc)b 

K (s-l ) (s-l) 

27.9 301.1 5.83 f 0.07 5.51 
5.40 + 0.06 
5.59 i 0.11 

31.2 304.4 6.95 + 0.07 7.60 

7.52 + 0.07 
36.2 309.4 12.9 + 0.2 12.2 

12.1 to.1 
39.4 312.6 17.0 f 0.2 16.4 

16.8 * 0.5 
42.2 315.6 22.8 f 0.4 21.5 

19.9 + 0.5 
46.1 319.3 27.7 * 0.2 29.9 

27.3 + 0.3 
49.3 311.5 41.5 * 0.5 39.4 

42.0 + 0.6 

aDetermined spectrophotometrically by fixed wavelength 

techniques at 490 nm. Isosbestic points at 518,447 and 388 

nm. bCalculated from the activation parameters cited in 
Table VI. 

AE 

-0.0 

t 
I I 

.__ 
4”” 500 600 

Fig. 3. CD spectral scans (X 3) with time for the ;e+action: 
A-cis-crCrClz(entnen)’ - A-cis-ol-CrCl(entnen)(OHa) 

_ 
+ Cl 

in 0.1 M HNOs at room temperature (ca. 22 “C). The dashed 

line corresponds to A-cis-oCrCls(entnen)’ in 12 M HCl. 
Reading downwards at 500 nm (solid line) the times are 0, 

9, 21, 36, 58 and 86 min. The final solid line corresponds to 

A-cis-o-CrCl(entnen)(OHz)2+ in 0.1 M HNOs. 

(entnen)2+ (Fig. 3) and the spectrophotometrically 
determined pseudo-first-order rate constants for this 
reaction are reported in Table IV. Addition of Hg2+/ 
H’ to A-cis-o-(SS)-CrC12(entnen)+ considerably 
accelerates the loss of the first chloro ligand and loss 

I. ‘i 
i 

; 

400 500 600 
a 

Fig. 4. CD spectral scans (X 2) with time for the Hg2+-assisted 

chloride release reaction: 
A-cis-or-CrCl(entnen)(OHs)2C- A-cis-ol_Cr(entnen)(OH2): 

at room temperature. (Hg’+ = 2.09 X 10 -2 M, HC104 = 0.97 

M, arbitrary time intervals over four hours.) The dashed 

curve corresponds A-cis-aCr(entnen)(OHz)~. 

l 0.0 

r0.6 

l OJi 

l 0.2 

AC 0 

-0.2 

-0.4 

I I I 1 J 
400 500 600 

A 

Fig. 5. CD spectra of some ACrClz(N4)’ complexes. N4 = 

c&p-tnentn (-); cis-o-trien (---- x%); (en)2 (-O-O-O-); 

cis-a-entnen (-X-X-X-). 

of the second chloro ligand proceeds more slowly to 
give A-cis-cu-(SS)-Cr(OH2)2(entnen)3+ (Fig. 4). The 
retention of configuration throughout this dichloro 
+ chloroaqua -+ diaqua sequence has been established 
by comparison of the circular dichroism spectra of 
the products with those of analogous Cr(ll1) com- 
plexes of known configuration (Figs. 5. 6) [I, 201 
The rate of acid hydrolysis of rrans-(RS)-CrCl?,- 
(entnen)+ has been measured previously [4] . 

In basic media, both cis- and frans-CrC12(entnen)+ 
lose one and then two chloro ligands at rates propor- 
tional to [OH-], For the &-isomer, there is. how- 
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TABLE V. Observed and Calculated Rate Constants for the Base Hydrolysis of some cis- and transCrX2W)+ Complexes @= 0.1 

M, NaCl).a 

T 

"c[Kl 

PII lO’[OH-] b hbs koH koH(cdcf 

W (SC') (‘44-l s--l) (IV-’ SC‘ 1 

trans-(RSj-CrBrz (entnen)* 

9.25 2.32 

9.25 2.32 

9.35 2.92 

8.80 1.23 

8.90 1.54 

8.25 0.486 

8.25 0.486 

8.35 0.612 

8.35 0.612 

7.85 0.273 

7.85 0.273 

trans-(RS)CrCIz(entnen)’ 

200d 

400d 

200d 
200d 

10.55 46.3 

10.55 46.3 

10.50 61.4 

10.50 86.5 

trans-(RSSR)-CrClz(cycIam)’ 

9.50 4.13 

9.50 4.13 

9.20 3.08 

8.65 1.22 

8.15 0.545 

cis-arCrC12 (entnen)’ e 

9.06 1.50 

9.75 7.35 

9.76 7.52 

10.06 15.0 

10.55 46.3 

25.0 [298.2] 

29.8 [303.0] 

34.9 [ 308.11 

39.9 L313.1) 

14.5 [287.7] 

19.5 [292.7] 

25.2 [298.4] 

25.5 [298.7] 

29.8 [303.0] 

34.9 [308.1] 

25.0 [ 298.21 

29.8 [303.0] 

34.9 [308.1] 

39.9 1313.11 

25.0 1298.21 

2.10 90.5 

2.13 91.8 

2.60 89.0 

91.8 

190 

403 

821 

0.0667 

0.134 

0.289 

0.301 

0.527 

1.00 

40.0 

75.9 

147 

274 

2.31 187 

2.88 187 

2.02 415 

1.93 396 

2.56 419 

2.48 406 

2.22 814 

2.20 806 

1.34 0.0672 

2.53 0.0632 

2.82 0.141 

2.70 0.135 

0.135 0.292 

0.300 0.139 

0.325 0.530 

0.848 0.980 

1.65 40.2 

1.65 40.2 

2.31 75.0 

1.78 146 

1.50 276 

0.270 

0.299 
0.297 

0.351 

0.309 

0.516 

0.500 

aDetermined using a pH-stat except where noted. The instrument was calibrated using 0.01 M borax solution with pH = 9.180, 

9.139, 9.102 and 9.068 at 25,30,35 and 40 “C respectively. 4og [OH] = pK,, - pH + 0.105 where pK,, = 13.779, 13.607, 

13.458 and 13.309 at 25, 30, 35 and 4O”C, respectively. ‘Calculated from the activation parameters cited in Table VII. 

dDetermined spectrophotometrically, monitoring the reaction at 530 nm. Isosbestic points at 555 and 458 nm. eThe plot of 

k ohs vs. [OH-] is linear with the slope giving koH (298.2; w = 0.1, NaCl) = 0.52 M-’ s ml and intercept giving kH = 2.65 X 10 4 

s-l (cJ kH = 4.12 X 1 Oe4 s-’ from the data in Table IV. 
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TABLE VI. Activation Parameters for the Acid Hydrolysis of some cis- and transGX2(Nq)’ Complexes at 298.2 K. 

N4 X kH 
(s--l ) 

fransCrX2(N4)+ 

E, 
(kJ mol..‘) 

SF 

(JK molt’ ) 

Note 

(42 

On)2 

RS-entnen 

RR,SS-tnentn 

RSSR-teta 

cl 

Br 

cl 

Br 

Cl 
BI 

Cl 
BI 
Cl 
BI 

2.25 x lo+ 

3.26 X 1O-4 

2.08 X lo-’ 
3.62 x 1O-4 
3.23 x 1O-6 
4.21 x 1o-5 

1.06 x lb6 
1.02 x lo+ 
1.26 x 1O-5 
1.70 x 1o-3 

cis-CrX2(N4)+ 

91 -17 

94 -4 

103 +1 
96 +2 

107 0 
100 +1 

95 -50 
94 -35 
93 -31 
14 -58 

a 

a 

b 

b 

c 
d 

e 
d 

f 

d 

(NH3 )4 Cl 2.12 x 1o-4 89.1 -14 g 
(en)2 Cl 3.3 x 1o-4 89 -24 h 

ortrien Cl 1.9 x lo-” 89 -27 i 

ol-entnen Cl 4.12 X 1O-4 14.2 * 1.1 -69 * 3 j,k 

@-RR,SS-(tnentn) Cl 1.02 x 1o-4 88.7 -32 e 

RRRR,SSSS-cyclam Cl 2.5 x 1o-5 96 -21 1 

aD. A. House and C. S. Garner, Trans. Met. Chem., 6, 59 (1970), Table 23. bM. C. Couldwell and D. A. House, Inoyq. Chem., 
II, 2024 (1972). ‘C. Kutal and A. W. Adamson,J. Am. Chem. Sot., 93, 5581 (1971). dD. A. House and 0. Nor, Inorg. 
Chim. Acta, 72, 195 (1983). eD. Yang and D. A. House,Inorg Chem., 21, 2999 (1982). fD. A. House and D. Yang, Inorg. 

Chim. Acta, 64, L167 (1982). gL. M$nsted and 0. Mgnsted, Acta Chem. &and., 32A, 917 (1978). hJ. Selbin and J. C. 

Bailar, J. Am. Chem. Sot., 79, 4285 (1975). ‘C. Y. Hsu and C. S. Garner, Znorg. Chim. Actu, I, 17 (1967). ‘This research. 

kB. Bosnich, R. D. Gillard, E. D. MacKenzie and G. A. Webb,1 Chem. Sot., A, 1331 (1966). ‘E. Campi, J. Ferguson and M. L. 

‘Tobe, Inorg. Chem., 9, 1781 (1970). 

r ! I I t 

+ 0.6 I- A -I 

l 0.4 

l 0.2 

AE 0 

-0.2 

l O+ k Jk---i / 
400 500 600 

1 

Fig. 6. CD spectra of some ACr(N4)(OH$ complexes. N4 
= cis-p-tnentn (- X%); cis-ol-trien (-----); (en)2 (-O-O- 
O-O-);cis-olentnen (-X-X-X-). 

ever, concurrent background aquation and some 
evidence of isomerisation to the tram- form. 

The rates of base hydrolysis for (+)-cis-cu-(RR,SS)- 
CrC12(entnen)+ and trans-(RS)-CrC12(entnen)+ were 
measured using a pH-stat. For the cis- isomer in the 
pH range 9-10.5 at 298.1 K, the uptake of OH- 
corresponded to the loss of one chloro ligand, and a 
plot of k&s vs. [OH-] was linear with an intercept 
corresponding to the background aquation rate at 
that temperature (Table V). From the slope of this 
plot we estimate koH (298.2) = 0.52 M-’ s-l and this 
is compared with similar data for analogous cis- 
CrCl,(N,)+ complexes in Table VI. In 0.1 M NaOH. 
both chloro ligands are lost (CL 15 min at room 
temperature) from cis-a-CrC12(entnen)+ to give 
(presumably) cisiu-Cr(OH),(entnen)+ as acidification 
gives cis-cY-Cr(OH2)2(entnen)3+, but if this solution 
is heated and then re-anated with 12 M HCI a tram- 
(RS)dichloro/cis-cu-dichloro mixture is obtained. This 
suggests that in basic solution some cis-a -+ (cis-0) + 



Tetraamine Ligand-Cr(III) Complexes 187 

TABLE VII. Activation Parameters for the Base Hydrolysis of some cis- and trans-CrXz(N4)* Complexes at 298.2 K (cc = 0.1 IV, 
NaCl). 

N4 X kH E, AZ? Note 
(M-l s-1) (kJ mol-‘) (JK-’ mol-‘) 

trans-CrXz(N4)’ 

(en)2 

(RS)-(entnen) 

(RR,%)-(tnentn) 

(RSSR)-cyclam 

(RSSR)-tern 

Cl 

Br 

Cl 

BI 

Cl 

BI 

Cl 

Brf 

Cl 

Brh 

3.62 X lo-’ 

6.4 ’ 

2.82 x 10-l 

9.18 x 10’ 

5.8 x 10-l 

8.09 x 10’ 

4.00 x 10’ e 

1.4 x lo* 

1.45 x lo2 

cisCrX2 (N4)+ 

98.3 +49 

123 +175 

97.9 f 1.2 +65 * 3 

114 * 0.9 +167 + 2 

87.7 t 1.2 t36 t 3 

127 +211 

100 r 0.5 +113 f 2 

123 +200 

116 79 

a 

b 

c 

c 

d 

a 

c 

a 

g 
c 

(en)2 

or(entnen) 

p-(tnentn) 

cyclam 

Cl 2.7 x IO-* 
i 

Cl 5.2 x 10-l 
c 

Cl 1.12 x 10’ 
d 

Cl 8.6 (299.5 K, I= 0.74 Iw) 
e 

- 

aD. A. House and 0. Nor, Inorg. Chim. Acla, 70, 13 (1983). bM. S. Nozari and J. A. McLean, Jr., in ‘Coordination Chemistry 
Papers in Honour of John C. Bailar, Jr., Plenum Press (1969). ‘This research. dD. Yang and D. A. House, Inorg. Chcm., 21, 

2999 (1982). eE. Campi, J. Ferguson and M. L. Tobe, fnorg. C/rem., 9, 1781 (1970) give koH (299.5, ti = 0.1 M, NaNOs) = 
1.6M-’ s-l. fThese values were determined from two temperatures only and are subject to considerable uncertainty. gD. A. 
House and R. W. Hay, Inorg. Chim. Acta, 54, L145 (1981). 
x 10-j s-1 (t,/, 

hComplicated by rapid background aquation: kH (298.2) = 1.70 
- 7 min), D. A. House and 0. Nor,Znorg. Chim. Acta, 72, 195 (1983). iR. G. Pearson, R. A. Munson and F. 

Basolo,J. Am. Chem. Sot., 80, 504 (1958). 

truns-(RS)- isomerisation occurs via proton inver- 
sion. 

The rate of loss of the first chloride ligand from 
trans-(RS)-CrCl*(entnen)’ in basic solution was 
measured in the [OH-] range 4.0 X lO_-4.6 X 
lO* M, over a 20 K temperature range, using both 
pH-stat and spectrophotometric techniques. Although 
the two methods were applied in different temper- 
ature ranges, the linearity of the Arrhenius plot for 
all data (Table V) was most satisfactory. The rate 
of loss of the second chloro ligand (from trans- 

CrCl(OH)(en:nen)‘) is only about 20 times slower 
than that of the first and analysis of the pH-stat data 
was complicated by ‘drifting infinities’. This problem 
was overcome in the spectrophotometric work by 
following the extent of reaction at 530 nm, an 
isosbestic point for the second hydrolysis step. 

Base hydrolysis of trans-(RS)-CrBr,(entnen)’ 
proceeded with the consumption of two moles of 
OH/mole of complex to form trans-Cr(OH)2- 
(entnen)+. This behaviour is similar to that observed 
for other trans-dibromo chromium(II1) tetraamines 
[ 121 and indicates that the trans-CrBr(OH)(entnen)’ 

is more labile than the original dibromo, with the 
loss of the first bromo ligand being rate determining. 
The bromo/chloro base hydrolysis rate ratio in these 
Cr(II1) entnen complexes follows the pattern observ- 
ed for other analogous tetraamines [ 121. 

We also report here our data (Table V) for the acti- 
vation parameters (Table VII) for the base hydrolysis 
of trans{RSSR)-CrC12(cyclam)‘. We do not agree 
with a previous spectrophotometric estimate [21] of 
k0r-r (299.5) = 1.6 il4-l s-l. our value being approx- 
imately 25 times greater. 

Orange crystals of cis-cu-[Cr(NCS)z(entnen)] - 
NCS were isolated by prolonged heating (80 “C, 
4 hours) of an acetic acid solution of cis-a-[Cr(Cl),- 
(enlnen)] C104 with excess NH4NCS. Orange-red 
crystals of cis-a-[CrCl(NCS)(entnen)] NCS (?) can 
be isolated as an intermediate but were not further 
characterised. This reaction proceeds with reten- 
tion of configuration as a similar reaction with 
the Adichloro gives the A-diisothiocyanato. 

While this work was in progress a report by Macke 
et al. [7] appeared, which seemed to be at variance 
with this observation, as the diisothiocyanate com- 
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TABLE VIII. Stereochemistry of CrC12(N4)+ Complexes Formed by Reaction of CrCIs.6H2O and (N4) in DiPolar Aprotic Sol- 
vents. 

N4 Solvent 

trien DMSO 

entnen) DMF 

tnentn DMF 

cyclam DMF 

teta DMF 

tetb DMF 

cis- 

o-(RR,SS)-(lOO%) 

or-(RR,SS)-(60%) 

o%c 

(RRRR,SSSS)-(?)-(90%) 

0% 

(RRRR,SSSS)-100% 

trons- 

0% 

(RS)40% 

(RR,SS)-100% 

(RSSR)-10% 

(RSSR)-100% 

0% 

Note 

a 

b 

d 

e 

f 

f.g 

aRef. 115). bThis research, see also Refs. [ 3,4, 71 . ‘Some violet solid is observed at low temperatures. dRef. [ 11. ‘D. 
A. House, unpublished research, see also Refs. [21, 251. fM. Akbar Ali, D. A. House and R. S. Hay, unpublished research, see 
also Refs. [ 26,271. gE. Bang, J. Eriksen, L. M$nsted and 0. M&rsted,Proc. Int. ConI: Coord. Chem., 22, 407 (1982). 

AE 

I I I 

l o.e - 

to.6 - 

l o*- 

*a2 - 

0 *. 

-0.2 - 

-0.4 - 

-0.6 - 
-1 

400 500 600 
a 

Izig. 7. CD spectra of A-cis-ol-CrCla(entnen)’ in DMF (- 

x3) and 12MNCl (----- X3). 

plex isolated from the reaction between cis-[CrClz- 
(entnen)]Cl and NaNCS in neutral aqueous solution 
had the trans-(RS)- configuration. 

We have repeated the Macke et al. synthesis using 
purified cis-cu-dichloro but cannot confirm their 
observation. Even in slightly basic medium (hexamine 
buffer) only cis-[Cr(NCS),(entnen)] NCS could be 
isolated. The IR spectra of the cis-cu- and trans-(RS)- 
[Cr(NCS),(entnen)] NCS are quite distinct, as are the 
visible absorption spectra (Table III). 

When cis-a-[CrCl,(entnen)]C104 is refluxed in 2 
M trifluoroacetic acid for 1-2 hours, the colour 
changes to orange-yellow. Addition of NaC104*Hz0 
allows the isolation of cis-ct-[Cr(TFA)2(entnen)] - 
C104*Hz0 as bright orange crystals. Again this reac- 
tion appears to proceed with retention of geometric 
and optical configuration as A-cis-cu-[Cr(TFA),- 
(entnen)]HgC13 (?) can be isolated by concentrating 

a solution of A&-a-[CrC12(entnen)]C104 in 1 1cf 
TFA containing 7 X 10V2 M Hg(N03)2. Reanation 
of the bis(trifluoroacetato) complex with 12 M HCl 
plus HC104 forms cis-a-[CrCl,(entnen)] C104. 

Conclusion 

The key to the assignment of the stereochemistry 
in these cis-CrX2(entnen)“’ complexes is to establish 
the polyamine configuration in the cis-dichloro. 
A previous preliminary communication [22] was in 
error as we failed to appreciate the considerable sol- 
vent dependence (Fig. 7) on the CD spectrum of this 
complex and an incorrect assignment of the absolute 
configuration was made. There now seems little 
doubt that the Cr(ox)(entnen)+ + CrClz(entnen)’ 
reaclion in 12 M HCl (Fig. 2) results in an inversion 
with a cis-/3 -+ cis-cx configurational change being the 
most likely cause. The alternative cis-a-oxalato + 
cis$-dichloro inversion cannot be completely exclud- 
ed, but by analogy with the trien [18] and tnentn 
[1] systems we prefer the former at this stage. Thus 
the CD spectral changes illustrated in Figs. 2, 3 and 
4 reflect the reaction sequences 

A-(+)cis-P-(RR)Cr(ox)(entnen)’ (Fig. 2) 
4 

A-(+)-cis-a(RR)-CrClz(entnen)+ then 

A-(-)-cis-a(SS)-CrC12(entnen)+ (Fig. 3) 
J 

A-(-)-cis-cu-(SS)-CrCl(entnenXOH,)2+ (Fig. 4) 

A-(-)-cis-c&S)-Cr(entnen)(OH,),3 

The path of stereochemical change in this and 
analogous tetraamine ligands is apparently dependent 
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on the nature of the polyamine. While all the Cr(ox)- 
(N4)+ (NJ = trien, entnen, tnentn) have been assigned 
to the cis$-(RR,SS)- configuration, there are two 
possible isomerism paths that can be adopted on 
removal of the oxalate in acid solution: (a) to give 
cis$(RR,SS)- and thence cis-a-(RR,SS)- or (b) to 
give cis$-(RR,SS)- and thence trans-(RR,SS)- Fig. 
1). The former is adopted by trien [17, 181 and 
cntnen, while the latter is adopted by tnentn [l] 

This reflects a previous observation [ 151 that the 
trans-configuration for CrCl,(tn); is favoured relative 
to the cis-, and connecting the two 6-membered rings 
with a central S-membered bridge in tnentn does 
little to change the situation. 

In basic solution, where proton inversion can 
occur, there is some cis-a-(RR,SS) -+ trans-(RS)- 
isomerism for entnen, but this process is not observ- 
ed for trien [14] , where the trans-configuration is 
highly strained, and Cr-N bond rupture is competi- 
tive. 

A now standard route [23, 241 in the synthesis 
of CrCl,(N,)’ complexes [(N4) = linear or 
macrocyclic tetraamine] is via the reaction of CrC13* 
6Hz0, dehydrated in DMF or DMSO, with the poly- 
amine. Table VIII lists the isomeric composition of 
the products obtained in such a reaction. The 
interesting feature of such a compilation is that the 
stereochemistry of the isomers formed is such that 
they are not interconvertible. Thus, in most cases, the 
product ratio is not determined by equilibrium condi- 
tions, but by some other, unknown factors. It is pos- 
sible that the nature of the CrCl,(sol)& species, 
in some way 
are currently 
tion. 

determines the steric course and we 
investigating this aspect of the reac- 
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