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The 5) nthcsis and characterization of a family of transition-metal complexes containing amino acid substituents, which has shown 
an array of recognition characteristics relevant to association with proteins. is described. These molecules are based upon the 
bis(imid;i7ole)(nitrilotriacetato)chromium( I I  I )  core. with the series generated through substitutions of amino acid side chains onto 
thc nicthylcnc position of one of the chelate rings. The synthesis of the series has been achieved through the intermediate 
bis(aquo)(nitrilotriacctato)chromium(lll) ( I ) ,  previously not isolated, and by the use of substituted analogues. The solvated, 
d id-s ta te  structureb of two members of the family, bis(imidazolc)(/-lcucine-~~.S-diacetato)chromium( 111) (3a) and bis(imid- 
a/olc)(/-phenylalanine-N.N-diacetato)chromium( I l l )  (4a) have been established by single-crystal X-ray diffraction studies. Crystal 
d,it,i: (3a. orthorhombic, space group P2,2,2,. a = 8.576 ( 3 )  A. b = 15.784 (9) A. c = 15.648 (6) A. V = 21 18 (2) A3, Z = 4, 
H(FJ = 0.0421 (R,(F,,) = 0.0627): 4a. orthorhombic, space group P2,2,2,, a = 9.601 (4) A, b = 14.045 (4) A, c = 37.235 ( I  I )  
,{, I.' = 5021 ( 3 )  A). Z = 8. R(FJ = 0.0846 (R,(F,) = 0,0985). The solid-state intermolecular interactions of these complexes 
clrc relevant to protein binding and include not on14 hydrogen-bonding interactions but also aromatic-aromatic interactions (in 
4a), Elcctronic and circular dichroic parameter, for the complexes arc reported. and the stereochemical course of the aquation 
ui' the parent bis(imidazole)(nitrilotriacctato)chromium(lll) ( 2 )  in wlution is described. When 2H NMR methods are used on 
~ l i c  dcutcratcd analogue, the imidazole cis to three carboxylates i b  found to be the leaving group. 

Introduction 
Work in this laboratory has focused on the design and synthesis 

of transition-metal complexes tha t  can interact with biopolymers 
through :in ensemble of weak noncovalent interactions based upon 
shape \election' in a geometry-specific fashion. While recent 
attention has ccntcrcd primarily on nucleic acids, we have been 
concerned ;iIso with developing probes for protein structures. This 
effort may be considered as the first step toward the rational design 
of both  inorganic pharmaceuticals as well a s  site-specific inorganic 
labels for protein structurcs.  Transition-metal complexes offer 
the advantages of well-defined coordination geometries, multiple 
intcrchangcablc biologically relevant ligand sets, a breadth of 
i n for ti1 ~1 t i vc a pcc t rosco pic c ha r a c teri s t i  cs, a nd a pot entia 1 I y rich 
solution chemistry a t  the metal center. W e  have recently described 
how the magnetic characteristics of such complexes may be used 
to probe their binding location and  mode on a protein surface. 
using the method of nuclear Ovcrhauscr effect quenching, and  
how manipulation 01' recognition elements i n  the ligand set can  
lead to interesting perturbations i n  thc binding characteristics.! 
I n  this rcporr, wc dcscribc the synthesis and  characterization of 
thc I'aniiI> (Char t  I )  of complexes designed for this work: i n  
addition. M C  cxplorc biologically relevant interactions observed 
in the d i d - s t a t e  structures and  relevant solution-state chemistry 
of these complexes. 

This family of complexes is based on the nitrilotriacetate ligand, 
which is a member of the extensive family of complexon ligands3 
The ligand can be derivatized to contain a pendant amino acid 
side chain by a simple condensation of the desired amino acid with 
2 cquiv of haloacetic acid.  By use of this method, several de- 
riwti7cd chroniiuni( Ill)-nitrilotriacetate moieties have been 
sqnthcAiicd c ; ~ r l i c r : ~  houevcr.  none have been characterized 
structurall! . T h e  chroniium-nitrilotriacetate system appeared 
t o  bc ;I promiying choice ;is ;I s tart ing point in this work. d u e  to 
the known stability of the  ~ y s t e m . ~  the relative ease with which 
thc ligand m:iy be der iva t ixd  with biologically relevant moieties. 
the ;ivailability of the two remaining cis coordination sites for 
chemistry at the metal center, and  the  magnetic characteristics 
of the  chromium( I I I )  ion. 
Experimental Section 

Chemical ioni~ation mass spcctrn were 
recorded on a Ribermag R I O - I O  mass spectrometer using either N H ,  or 
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Cr((S)-PDA)(Im)2 (4a) Cr((R)-PDA)(Im)z (4b) 

C H I  a h  reagent gas. FAB mass spectra were recorded on a JEOL mass 
spectrometer using a matrix of 3-nitrobenzyl alcohol in a beam of 7-KeV 
accelerated Xe atoms. Infrared spectra were recorded on a Perkin-Elmer 
1600 FTIR instrument in ratio mode. The samples were prepared as KBr 
pellets. A total of 8-1 6 scans were collected per spectrum. 

Visible spectra were recorded on a Cary-219 or a Varian DMS-300 
LV-visible spectrophotometer. The solution concentrations were de- 
termined by weighing for all methanol solutions and for aqueous solutions 
01' C r (NTh) (  H20), (1). The imidaiole-containing complexes dissolve 
slowly in water where the thermal reaction is appreciable: therefore, 

~~ 

( I  J Barton, J.  K.  Science 1986, 233, 727-734. Barton, J.  K .  Chem. Eng. 
News 1988, 66, 30-42. Barton, J .  K.; Pyle, A. M. f rog .  Inorg. Chem., 
in  press. Pyle, A .  M . ;  Long, E. C.; Barton, J. K. J .  Am. Chem. SOC. 
1989, 111,4520. Chow, C. S.; Barton, J .  K .  J .  Am. Chem. Soc. 1990, 
112. 2839. 

( 2 )  Bocarsly, J .  R.; Barton, J .  K .  Inorg. Chem. 1989, 28, 4189-4190, Bo- 
carsly, J.  R.; Barton, J .  K .  Unpublished results. 

( 3 )  Anderegg. G .  In Comprehensiue Coordination Chemistry; Wilkinson, 
G., Ed.: Pergamon Press: New York, 1987; Vol. 2, Chapter 20.3. 

(4) Tsuchiya, R.; Uehara,  A,; Kyuno. E. Bull .  Chem. Soc. Jpn. 1971, 44, 
710-704. Irving. H. M. N. H.: AI-jarrah, R. H. Anal. Chim. Acfa 1972, 
60, 345-355. 

( 5 )  Abbreviations used: Im, imidazole; NTA, nitrilotriacetate acid: LDA, 
leucine-,7,.7-diacetic acid (N,N-bis(carboxymethyl)leucine); PDA, 
phen~lalanine-.Y..'V-diacetic acid (".A'-bis(carboxymethy1)phenyl- 
a lan ine) .  
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spectra were taken by dissolving a finely ground powder in water, fol- 
lowed by rapid filtration and spectroscopy. Chromium concentrations 
for calculation of t and At were then determined by alkaline hydrogen 
peroxide oxidation to chromate ion.6 using c372 = 4815 M-l cm-I.' 

IH NMR spectra were rtcorded either on a Varian VXR-300 (Bruker 
magnet) or ;I VXR-400 sysrcm (Oxford magnet). Ligand spectra wcrc 
taken in D 2 0  containing 50 mM Na2C03 with sodium 3-(trimcthyl- 
silyl)- I -propnncsulfonate as standard. The chemical shifts are dependent 
on solvent iind ionic strcngth. 2H NMR spectra were taken at 38 MHz 
on an IBM-Brukcr spectrometer or at 61 MHz on a Varian VXR-400 
spcctromctcr. A 5-10 mL aliquot of an approximately I O  mM solution 
of coniplcx i n  IO-mm tubes was used for data acquisition. Typically, an 
acquisition tiiiic of -0.5 s was used. A total of  2000 transients were 
collected and the free induction decay was processed with 5-10 Hz line 
broadening. Eithcr an intcrnal standard of CZHC13 in a coaxial tube or 
an cxtcrnal C2HC13 standard was used, assigning the standard resonance 

Aquation Studies. C r ( i \ i T A ) ( l ~ ~ i ) ~  was observed to undergo a pH- 
dependent thermal reaction in  aqueous solution. This reaction was 
studicd in  phosphatenitrate buffer solutions* adjusted to a constant ionic 
strength of 0.5 M wi th  KCI, a t  pH 6 and 7 at 25 "C. The initial con- 
centration of complcx was gcnerally -9 X IO-) M: the pH change during 
reaction (24-27 h) was - -+O. lC  pH units. Due to the relative slowness 
of d i d u t i o n  of the solid complex even when finely ground (ca. 15-20 
min wi th  vigoroua agitation), the solutions were prepared by dissolving 
a finely ground powder in thermally equilibrated buffer and then rapidly 
filtering thc solution into a cuvette. The reaction was followcd at 630 
nni. The apparent first-ordcr ratc constants for each reaction were 
obtained from Icast-squares fits of plots of In ( A  - Ai )  vs time, where A 
is the instantaneous absorbance and A, is the absorbance at complete 
reaction. .4, was taken as the constant value reached after -5  half-lives. 
Thc datu proved to give ncccptablc lincar fits out to -4 half-lives, with 
correlation coefficients (R2) for thc linear least-squares fits of -0.98. 
The structure of the product complex was investigated with 2H NMR 
spectroscopy by using the deuterated complex. 

Synthesis. All reagent griidc solvcnts and solids wcrc uscd without 
further purification. wi th  the exception of imidazole, which was sublimed 
before use. Chroniium(lll) acctatc was purchased from Alfa and was 
uscd as rcccivcd. Nitrilotriacctatc and all amino acids wcrc purchased 
from Aldrich and wcrc uscd as received. Preparations of the deuterated 
complex wcrc pcrformcd by using standard Schlenk techniques under an 
atmosphcrc of dry nitrogen. 

Synthesis of Cr(NTA)(H,O), ( I ) .  Cr(CH3COO),.H20 (2.47 g, 10.0 
miiiol) and NTA ( I  .92 g. 10.0 mmol) were combined in 80 mL of a I : I  
methanol-watcr ( v / v )  solution and heated to reflux. The color of the 
solution bcgnn to chnngc from forest green to deep violet after -30 min 
of refluxing. Reflux was continued for 150 min. The solution was then 
cvaporatcd lo dryness i n  vacuo by using a water bath (30 'C) to remove 
the ;icetic acid byproduct. The resulting purple residue was recrystallized 
from ii I : I  or 2:1 iiiixlurc of dimcthylformamide-water (60 mL). Slow 
evaporation of this solution afforded a microcrystalline solid, which was 
thcn washed with 3 X 20 mL of 9:l ethanol-water and allowed to air dry. 
Rccrystalliiation of this complcx was not found to be a requirement for 
the addition of the imidazolc ligands and completion of the synthesis of 
2. Elemental iinalysis showed that the solid contains one molecule of 
diiiicthylforiii~imidc per two molecules of metal complex. Anal. Calcd 
for C,ti , ,N0,Cr~t/2C,H,N0: C. 28.81: H, 4.35: N. 6.72. Found: C. 
27.67; t i .  4.56; K ,  6.43. 

Synthesis of C ~ ( N T A ) ( I I ~ ) ~  (2). Cr(CH1C00),-H2O (2.47 g. 10.0 
minol) and NTA ( I  .92 g. 10.0 mmol) were combined in 80 mL of a I : I  
mcthanol-\r.atcr ( v j v )  solution and heated to reflux. The color of the 
solution began to changc from forest green to deep violet after -30 min 
of rcfluxing. Reflux was  continucd for I50 min. The solution was then 
evaporated to drjncss LIS Libovc. and the violet Cr(NTA)(H20)2 residue 
was dissolved b) shirling in 3 niL of watcr. Then 80 mL of methanol 
was added, c:iusing some precipitation. The solution was heated to reflux 
to dibsolvc thc solid. Imidazole (2.72 g, 40.0 mmol) was thcn added to 
the hot solution, and refluxing was continued for 50 min. During this 
period. the solution became purple in color. After refluxing. the solution 
was cvapor:itcd in  viicuo to half-volume and was stored u t  room tem- 
perature. Cr)stallinc product precipitated over the next day. The solid 
was filtered from solution and washed with 4 X 1.5 mL of chilled water. 
folloucd b) !\ro siiiiill portions of ethanol. Yiclds rangcd from 507 to 
65'1. Elciiicntal analqsia showed thc solid to contain three waters of 
crystalliiation pcr molecule of complex. Anal. Calcd for 

B value of 7.24 ppm. 
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(6) Kirk, A .  D.; Nnmasivayam. C .  Inorg. Chem. 1988. 27. 1095-1099. 
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C,2H,,NS0,Cr-3H20: C, 33.49; H. 4.68; N ,  16.28. Found: C, 33.55; 
H. 4.62: N. 16.28. 

Synthesis of Cr(NTA)( Im-1,2-d2)  (2a). Deuteration of Imidazole? 
Imidazole (5.04 g. 74.0 mmol) was placed in a dried flask and degassed 
by repeated vacuum-nitrogen purges. A 30" aliquot of 99.8 atom % 
D 2 0  was pipetted into the flask. This solution gave a pH meter reading 
of 9.5 (pD -9.9). An aliquot of NaOD was added, giving a meter 
reading of 10.8 (pD - I  I .2). The solution was degassed again and was 
placed in a thermostated oil bath at 49-55 'C for 23 h under an atmo- 
sphere of nitrogen. ' H  NMR spectroscopy of the resulting solution 
indicated 9 2 8  exchange at the C2 position. The solution was evaporated 
to dryness in vacuo by using an oil bath (50-55 "C) and the solid was 
sublimed up to 90 "C. After sublimation was complete, the solid was 
stored under nitrogen. A total of 2.72 g was collected (52% yield). 

Synthesis of Deuterated Complex. Cr(CH3C00), .H20 ( I  .24 g, 5.0 
mmol) and NTA (0.96 g, 5.0 mmol) were degassed and combined in 40 
niL of a I : ]  CH30D-D20 (v/v) solution. The solution was then de- 
gassed again and heated to reflux under a nitrogen atmosphere. Reflux 
was continued for 200 min. The solution was then evaporated to dryness 
i n  vacuo by using a water bath. The resulting purple residue was dis- 
solved i n  a solution of 1.5 mL of D 2 0  and 39.5 mL of CH,OD, followed 
by degassing. Degassed imidazole-1,2-d2 (1.24 g, 17.7 mmol) was added 
to the solution. which was then refluxed for 45 min. After refluxing, the 
solution was evaporated in vacuo to a few milliliters and was stored at 
room temperature. Crystalline product Precipitated over the next day. 
The solid was filtered from solution under nitrogen, washed with a few 
portions of CH3CH20D and allowed to dry. The solid was then stored 
under nitrogen. Deuteration at the C2 positions of both rings was con- 
firmed by FAB mass spectrometry; deuterons at the NI position ex- 
change rapidly and are not observed under the conditions of the FAB 
experiment. 

Synthesis of Cr( (S) -  or (R ) -LDA) ( lm) ,  (3a,b). Synthesis of the 
Ligand. The literature procedurei0 for the synthesis of this ligand con- 
sistently gave mixtures of the mono- and bisalkylated amine. The pro- 
cedure was therefore modified as follows. C1CH2COOH ( 1  8.90 g, 0.20 
mmol) was dissolved in 40 mL of water and was treated slowly with 
NaHCO, (16.81 g. 0.20 mmol). The solution was diluted with 30 mL 
of watcr and was stirred un t i l  the pH reached -6.3. (S)-Leucine or 
(R)-leucine ( I  3.12 g, 0.10 mol) was dissolved in 50 mL of water con- 
taining NaOH (4.00 g, 0.10 mol). The two solutions were combined and 
heated on a water bath to 80-85 OC. After 20 min of heating, dropwise 
addition of a solution of NaOH (8.01 g, 0.20 mol) in 30 mL of water was 
started. This solution was added over 40 min while the temperature was 
maintained in the range 87-91 'C. Heating was continued for I O  min, 
at which point dropwise addition of a second solution of CICH2COOH 
(9.45 g. 0.10 mol), neutralized with NaHCO, (8.40 g, 0.10 mol), in 30 
mL of water, was started. This solution was added over I O  min with 
heating, which was continued for an additional 20 min. The solution was 
then allowed to cool to room temperature, followed by acidification to 
pH 2.0 with concentrated HCI (18.4 mL). Within 1 h, a waxy white 
solid precipitated. The solid was filtered from solution and washed with 
5 X 100 mL of chilled water. Purification was achieved by placing the 
wet solid in  40 mL of water and heating the solution gently until all solid 
dissolved. The solution was allowed to cool to room temperature and was 
stored at room temperature overnight to allow the product to precipitate. 
The solid was then filtered from solution and washed with 5 X IO0 mL 
of chilled water and dried in vacuo. A total of 7.48 g was collected (30% 
yield). 

Synthesis of the Complex. Cr(CH,C00), .H20 (2.50 g, 10.1 mmol) 
and (S)- or (R)-LDA (2.50 g, 10.1 mmol) were placed in 60 mL of a 2:l 
mcthanol-water ( v / v )  solution and heated to reflux. Heating was con- 
tinued for 210 min. and the solution was evaporated to dryness in vacuo. 
Then 4 mL of water was added, and the solution was swirled gently by 
hand to dissolve the residue. Vigorous stirring (e& by a magnetic 
stirrer) caused rapid precipitation of solid. After the solid was dissolved, 
the solution was stored at room temperature overnight to allow crystal- 
li7ation of the product, which precipitated as a microcrystalline solid. 
The solid was then filtered from solution, washed with 2 X I O  mL of a 
3:l acetone-ethanol (v/v) solution, and allowed to air dry. A total of 0.96 
g of product was collected. This material was heated to reflux in 46 mL 
of a 30:l methanol-water (v /v )  solution. After the solid dissolved, im- 
idazole (0.79 p. I I .6 mmol) was added to the hot solution and reflux was 
continued for 50 min. The solution was then allowed to evaporate slowly. 
After 6 days, a microcrystalline solid was filtered from solution and 
Hashed with I O  mL of a 1 : 1  acetone-ethanol ( v / v )  solution i n  small 

~~~ 
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portions. A total of 0. I 9  g was collected. Elemental analysis indicated 
that the solid contained one imidazole and one water of crystallization 
per molecule of complex. Anal. Calcd for C,,H22N,0,C~C3H,N2~H20: 
C. 44.02: H. 5.44: N. 18.91. Found for 3a: C. 45.14: H. 5.44: N ,  19.10. 
The product iiiay be rccrystallixd either bq slowly evaporating a nieth- 
anol solutiun ur b j  cooling (-20 "C)  a methanol solution. In this case, 
only onc u;itcr of crystnlli7ation i s  found per molecule of complex. Anal. 
Calcd fur C,,H22N,0,Cr.H20: C, 42.67: H. 5.37: N. 15.55. Found: C. 
42.XI; t i ,  5.41; N, 15.46. 

Synthesis of  Cr((S)- or (R)-PDA)( lm),  (4a,b). Synthesis of the 
Ligand. This lignnd w;is synthesized by a modification of a literature 
pruccdurc." ;is the published synthesis consistently gave mixtures of the 
mono and bisalkylatcd aniinc. CICH,COOH (18.90 g, 0.20 mol) was 
dissolvcd in  8 5  ml.  of water and was treated slowly with KHCO, (20.03 
g, 0.20 mol). The solution was stirred until the pH reached -7.5. 
(S)-Phenyl;il;inine or (/?)-phenylalanine (16.52 g, 0.10 mol) was dissolved 
in 85 init. of \+;iter containing K O H  (5.61 g. 0.10 mol). The two solutions 
were combined and hcatcd on a water bath to 70 OC. After 1 I min of 
heating. dropwisc addition of a wlution of K O H  ( 1  I .23 g, 0.20 mol) in 
30 1111. of watcr \ vas  started. The solution was added over 47 min while 
the tciiipcr,iturc nas inaintaincd in the range 88-92 O C .  Heating was 
continucd i'ur I3 i i i in a t  which point dropwisc addition of a bccond so- 
lution of CICl12COOt1 (9.45 g, 0.10 mol) neutralized with KHCO, 
(10.01 g, 0.10 inul) in 30 m L  of water was started. This solution was 
added over 8 iiiin with heating. which was  continucd for an additional 
22 rnin. The solution was then allowed to cool to room temperature, after 
which it u;is Licidificd with concentrated HCI (25 m L )  to pH  I .5 .  The 
solution h k i 5  stored covered a t  room tcmpcrature overnight to allow 
precipitation uf tlic product. Thc d i d  was then filtered from solution 
and washed with 4 X 50 niL watcr. The mokt solid was recrystallized 
from 9: l  acctonc-water ( v / v )  solution ( I  50 m L ) .  Recrystalli7ation was 
repcited twice from 3:1 and 3:2 acetone-water (v /v )  until the product 
was purc b) N M R .  A tutal of 9.13 g was  collected (32'7 yield). 

Synthesis of the Complex. Cr(CH3COO),.H20 (I .76 g. 7.12 mmol) 
and ( S ) -  or (R)-PDA (2.00 g, 7. I 2  mmol) were placed in 60 mL of a 2.1 
methanol-water (v/v) solution and heated to reflux. Heating was con- 
tinued for 210 min, and the solution was then evaporated to dryness in 
vacuo. Thc d i d  residue \+as thcn dissolvcd in 100 m L  of a I : l  metha- 
nol-uatcr ( ~ / L J )  rolution and placed in a n  evaporating dish (50 X 100 
min). ,After 1 days,  the dish was partially covered to slow the evapora- 
tion. A microcrystalline solid precipitated during the next day. The solid 
wa\ filtered from solution and washed with 2 X 10 mL of a 9 : l  ace- 
tone-water (v/v) solution and allowed to air dry. A total of 0.66 g of 
product was collcctcd. This material w a s  placed in 31 ml. of a 30:l 
mcthnnol-water (v/v) solution with imidaiole (0.49 g. 7.18 mmol) and 
heated to reflux for 50 min. The hot solution was allowed to cool to room 
temperature and was then evaporated in vacuo to - 2  mL volume. A 
8-1111. .111quut of iiicthanol and I O  imL of toluene uere added. and the 
sulutiun \$'is stored $11 -20 O C .  .After 2 dnys. a crystalline product was 
filtcrcd from solution: 0.67 g was collected. Elemental analysis indicated 
th;it the solid contained half a toluene and one methanol of crystallization 
per molccuIc of complcx. Anal. Calcd for C,,H2,N,0,Cr.'/2C,Hs. 
CHIOH: C. 51.R4: H. 5.18: N. 12.86. Found for 4a: C. 51.00: H. 5.32: 
u. 13 .15 ,  

X-ray Crystallography. Data was collected for both structures at 
ambicnt temperature with a 8-28 scan mode (3a) or Wycoff mode (4a) 
using graphite-monochromated Mo Ktu radiation. ,411 calculations were 
perfuriiicd \rith the S I E M E N S  SHELXTL package. 

Structural Determination of C,,H22N,0,Cr.H20 (3a). The micro- 
cr\.\tiillinc product \+a\ rccrystnlli7cd from methanol to form large red 
block crj\t;ils. A crpta l  (0.30 X 0.50 X 0.75 m m )  was selected, 
mounted. and subjected to an X-ray diffraction study. Data were col- 
lcctcd on an :iutomiitcd four-circle Nicolct P3 diffractometer (Wash- 
ington Cniversity). An orthorhombic cel l  was deduced from centering. 
induxing, .ind Icaht-squarca fitting of I S  independent rcflections in the 
range of 5" 5 28 5 32". A total of 5784 reflections in t w o  octants of 
data. ( + h . + k . + l )  and ( - h . - k . - / ) ,  were collected over the range 3 .5 "  5 
28 5 55'. 3876 reflections of 4902 unique reflections with F,  > 6a(F,) 
Here considered observed and were used in the following calculations. An 
empirical absorption correction based on a7imuthal scans was applied. 

Thc \truc'turc \+;is solved by direct nicthuds and refined b j  the full- 
miifrix least-Fqunrcs method. minimi7ing EW(AF)~. Al l  non-H atoms 
wcrc rcfincd :inisotru ic, lly H atoms were constrained to idealized 
po\ition< (dCH = 0.96 1: jwH '= 0.90 A) with a common isotropic U value 
rcfincd tu giic 0.000 :i2. H ;itom\ on hater  were not lucutcd. The 

Bocarsly e t  al .  

absolute configuration was determined by Rogers' TJ refinement test, 
where TJ i s  a chirality parameter included as a prefactor for all Af" values 
( T J  = -0.93 (7)).13 The final R(FJ value was 0.0421 and R,(F,) = 
0.0627 with H' = [a2(F,)  t 0.0039(F,)2]-'. 

Structural Determination of Cl,H2,NS0,Cr:CH~OH.'/2C7HB (4a). The 
same techniques employed for 3a were used for 4a. A dark purple crystal 
(0.26 X 0.65 X 0.80 mm) of 4a was selected from the mother liquor and 
mounted on a glass fiber for data collection on a Nicolet R3m diffrac- 
tonietcr (Columbia University). A fast fixed-rate Wycoff scan 
(19,53"/min) was used over the range 3.0° 5 28 5 55' to avoid crystal 
decay. Three standard reflections were measured every 50 reflections to 
monitor crystal and instrumental stability, and no significant variation 
in intensities was found. O f  a l l  6887 reflections collected in the (+h,+- 
k . t / )  octant. 2286 reflections with F, > 6a(F0)  were used in the final 
analysis. An empirical absorption correction was applied to the data set. 

Space group P 2 , 2 , 2 ,  (No. 19) was suggested by systematic absences 
and photographic evidence. Subsequent convergence of the refinement 
confirmed the space group assignment. Two crystallographically inde- 
pendent molecules were partially revealed by direct-method output. The 
remaining atoms in these molecules and the solvent molecules were found 
in the following difference-Fourier map. Anisotropic refinement of all 
non-H atoms was not possible due to lack of data. Therefore, only the 
Cr atoms were refined anisotropically. He atoms were placed in their 
idealized positions by using the riding model, but were not refined. The 
absolute configuration of 4a was not determined; however, the presence 
of the same enantiomer as in 3a was confirmed by the similarity of the 
CD spectra of the two complexes (vide infra). The final R(FJ value was 
0.0846 and /?,(F,) = 0.0985 with w = [ 0 2 ( F o )  t 0.0010(F,)2]-'. The 
final difference electron-density map was fairly clean (largest peak, 0.64 

Results and Discussion 

Previous synthetic work with chromium( 111)- 
nitrilotriacetate systems has relied on h y d r o ~ y - ' ~ , ' ' , ' ~  or bis(p- 
hydroxy)-I5 (as opposed to diaquo-) containing intermediates prior 
to the addition of the final ligands to the remaining cis coordination 
sitcs. The use of hydroxide-containing intermediates is not ideal, 
however, as it  may result in low yields due to the precipitation 
of the metal ion as insoluble chromium hydroxidesI6 or i n  the 
formation of undesirable hydroxide-containing complexes. Also, 
the protonation of bridging hydroxide ligands is sometimes required 
to form the labile diaquo species for substitution reactions to 
proceed. As such, a diaquo species would be the preferred syn- 
thetic intermediate. It has been reportedI5 that the diaquo species 
of the parent complex, Cr(NTA)(H,O),  ( l ) ,  could not be isolated 
as a solid, and its spectroscopic properties were characterized by 
protonat ing the bis(w-hydroxy) compound,  K , [Cr (NTA)-  
(OH)]2.2H20, using 0.1 M HCIO, as s ~ l v e n t . ' ~  Contrary to this 
report, the recrystallized solid intermediate, 1, used in the synthesis 
of 2 is characterized here. These diaquo complexes can be readily 
produced without interference of salt byproducts and the labile 
aquo ligands cannot directly participate in the formation of 
metal-hydroxide dimers and oligomers and are  therefore more 
"innocent" than hydroxo ligands. 

The ligands for the substituted analogues of 2, ( R ) -  and 
(S)-leucine-N,N-diacetic acid and (S)- and (R)-phenylalanine- 
.t',.'V-diacetic acid, were synthesized by a standard condensation 
reaction of the appropriate amino acid with excess chloroacetic 
acid under basic conditions." The ligands were characterized 
by mass spectrometry" and ' H  N M R  s p e c t r o s ~ o p y ' ~  after pu- 

c/A3). 

Synthesis. 

( I  I)  Uchnrn. A.: Kyuno. E. ;  Tsuchiya. R. Bull .  Chem. Soc. J p n .  1971. 44. 

( I  2 )  Shcldrick. G. M .  Sfrircfitre Defermination Soffware Progran7.s; SIE- 
V E K S  Analytic~l X-Ray Instruments, Inc . :  Madison. WI. 1989. 

1548-1 551, 

( I  3 )  Rogers. D. Acfa Crysfallogr. 1981, A37, 734-741, 
(14) Cjehara, A,: Kyuno, E.; Tsuchiya. R. Bull .  Chem. Soc. Jpn.  1967, 40, 

(15 )  Koine. N.: Bianchini, R. J.: Legg, J. I. Inorg. Chem. 1986, 25, 

16) Stunri, H.; Spiccia, L.; Rotzinger, F. P.; Marty, W. Inorg. Chem. 1989, 
28, 66-71 and references cited therein. 

17)  The amino acids used undergo only very slow racemization under the 
conditions used. See: Bada, J .  L. In Chemistry and Biochemistry of 
the  Amino Acids: Barrett, G. C.. Ed.: Chapman and Hall: N e w  York, 
1985; Chapter 13.  

18) Chemical ionization mass spectrometry using either N H ,  or CH4 as 
reagent gas produced parent peaks at m+ + H = 248 (LDA) and m+ 
+ H = 282 (PDA). Decomposition pathways characteristic of amino 
acids. such as peaks consistent with the loss of H 2 0  and HCOOH. were 
also observed. 

2322-2326. 

2835-2841. 
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Figure 1. ORTEP representation of 3a showing 20% probability ellipsoids 
and atom-numbering scheme. Water of crystallization has been omitted 
for clarity. 

Table I .  Crystallogriiphic Dnta for Complcxes C,,H22N,06Cr.H20 
(k) and C,9H,nN,01Cr.CH,0H.l/,C,Hn (4a) 

3a 4a 

spocc group P2,2,2, (No. 19) P2 ,2 , i I  (No.19)  
cryst syst orthorhombic orthorhombic 
unit ccll dimcnh 

a, A 8.576 ( 3 )  9.601 (4) 
h. A 15.784 (9) 14.045 (4) 
('. A 15.648 ( 6 )  37.235 ( 1  I )  

v. A3 21 I8 (2) 5021 (3) 
7 4 8 
fw 450.4 544.5 
T. "C 22 22 
diffractometer Nicolet P3 Nicolet R3m 
A. A 0.71073 (Mo Kn)  0.71073 ( M o  Kn) 
pcnlcd. g cm-3 1.412 1.440 

t rans in  cocff 0.799 max/0.61 I min 0.437 max/0.385 min 
H( FA" 0.042 I 0.0846 
K,( Fo)b O.Of~27~ 0.0985d 

aba cocff (M),  ~111" 5.70 4.93 

"FO) = EIFol - lFcll/ElFul. bRw(Fo) = ( ~ w l l ~ o l  - l F C 1 l 2 /  

~ lFu12)1 /2 :  w = [n2 (Fo)  + g(F0)2]-', ' g  = 0.0039. d g  = 0.0010. 

rification. T h c  mctal complcxcs were then all synthesized by 
essentially identical routes. with solvent mixtures and methods 
of crystalli7ation requiring alteration according to the ligand 
substituent. The  complexes were then characterized by standard 
techniques. including F A B  mass spectrometry,20 visible and in- 
frared spectroscopy,2' and X-ray crystallography. 

X-ray Crystallography. T h e  X-ray diffraction studies of the 
complexes 3a and 4a were undertaken in part to determine the 
substituent-containing ligand ring in each complex. Each reaction 

( I  9) Couplingr were verified by proton-decoupling experiments. Proton 
designations follow standard amino acid convention, with the exception 
that the H" protons on the unsubstituted arms are denoted H"'. 'H 
NMR for LDA (400 MHz, 6 in  ppm): 3.83 (AB quartet, 4 H, H"'), 
3.89 (doublet of doublcts. I H, H"), 1.59 (multiplet, 1 H, HP'). 1.88 
(multiplct, I H. HU2), 1.81 (multiplet. I H, HY), 0.94 (doublet. 3 H, 
H*'). 0.98 (doublet. 3 H. H*21. Couoline constants fHz): J .  - J,, = 

~ IC p ,  , . ~  ~ 

~ . o : J , , -  J~~ = 8.4. JBi - J,, = 1 3 . 8 . j ~  --J@' = 8 . 1 , ~ ~  - J~~ = 5.7, J,,. 
- J", = 16.5. 'H NMR of PDA (400 MHz. 6 in  ppm): 3.78 (AB 
quarlcl. 4 H ,  H") .  4.26 (doublet of doublets, I H, H"), 3.20 (doublet 
of doublets. I H, Hut), 3.45 (doublet of doublets, I H, HBz). 7.39 
(multiplet. 5 H. Haram). Coupling constants (Hz): J, - JIi, = 8.9: J, .~ . -  

- J,? 6.4: Jai - J,, I 14.9; J,, - J ,  = 16.4. 
(20) Characteristic fragments observed include (m + H)* = 377 (2).  379 

(Za), 433 (3). and 467 (4). (m + H)+ - C,H,N2 - C 0 2  = 265 (2).  321 
(3). and 355  (4). 

(21) Infrared absorbance was used primarily to verify coordination of the 
carboxylatc ligands to the chromium center and the presence of imid- 
ilzolc. All complexcs exhibited both strong asymmetric carboxylate 
stretcho at - 1650 cm-' as well as symmetric stretches around I380 
cm-'. lmidaiole uYH bands appear in  the region 2600-3500 cm-'. 

10 

Figure 2. ORTEP representation of molecule 2 of 4a showing 20% prob- 
ability cllipsoids and atom-numbering scheme. Solvent molecules of 
crystallization (CH,OH, I/2C7H8) omitted for clarity. Atom-numbering 
scheme for molecule 1 of 4a correlates to the numbering scheme for 
molecule 2: -CH,-COO units, [(OI-Cl-O2)-C2 ( I ) ,  (07-C20- 

CI2-06)-C13 (I), (01 I-C31-012)-C32 (2)]: amine nitrogens, [NI  
( I ) ,  N6  (2)]: sidechain methylenes, [C5 ( I ) ,  C24 (2)]; aromatic rings, 
[C6-CI I ( I ) ,  C25-C30 (2)]; trans amine imidazole, [N2-C14-C15- 
N3-C I6 (I ), N7-C33-C34-N8-C35 (2)]; trans carboxylate imidazole, 

can produce as many as three isomers, depending on the location 
of the side chain. Only the initial isomer crystallized was used 
to complete each synthesis; no attempt was made to purify other 
isomers. In both cases, this was shown to be the same  isomer, 
with the side chain located on a ring in the equatorial coordination 
plane. The asymmetric unit cell of 3a contains one metal complex 
and one water molecule of crystallization, while the asymmetric 
cell for 4a contains two crystallographically independent molecules 
of complex along with two molecules of methanol and one molecule 
of toluene. Figures 1 and 2 contain ORTEP representations of the 
structures of complex 3a and of one crystallographically inde- 
pendent molecule of 4a (Figure S1 in the supplementary material 
contains the second molecule). Table  I presents the crystallo- 
graphic data;  Table Ila,b contain atomic coordinates, and selected 
bond lengths and angles a re  collected in Table  IIla,b. 

There a r e  no literature examples of Cr(ll1)-nitrilotriacetate 
systems that have been crystallographically characterized; however, 
there a re  a variety of other transition-metal-polyamino poly- 
carboxylate systems that have been structurally characterized for 
comparison with 3a and 4a. The details of the coordination 
geometry for each complex are  typical for polyamino poly- 
carboxylate ligand systems. In an early study of (ethylenedi- 
aminetetraacetato)cobalt(lll),22 it was observed tha t  the two 
coplanar carboxylate-containing five-membered equatorial rings 
(denoted G,  or girdling, rings) exhibited substantially more strain 
than the out-of-plane rings (termed R,  or relaxed, rings). This  
observation has been borne out in the crystal structures of other 
pol yamino polycarboxylate-containing c ~ m p l e x e s . ~ ~ - ~ ~  The  same 
motifs appear  in the structures presented in this study. In ad-  
dition, the G rings of the molecules described here (unlike those 
in the cobalt-EDTA structure) are inequivalent in that one of the 
rings contains an amino acid side chain substituent (denoted the 
G, ring), while the other is unsubstituted (referred to as GJ. This 
modification affects the relative degree of strain of the substituted 

08)-C2I (2)] ,  [(03-C3'04)-C4 ( I ) ,  (09-C22-010)-C23 (2)], [(05- 

[ N4-C I 9-C 1 8-N 5-C I 7 ( I ), N9-C36-C37-N I 0 4 3 8  (2)]. 

(24) 

(25) 

Weakleim. H. A,; Hoard, J.  L. J. Am. Chem. SOC. 1958.81, 549-555. 
Swaminathan, K.; Sinha, U. C.; Chatterjee, C.; Yadava, V .  S.; Pad- 
manabhan. V. M. Acta Crystallogr. 1989, C45. 21-23. 
Swaminathan. K.; Sinha, U .  C.; Chatterjee, C.; Patel, R. P.; Padman- 
abhan, V .  M .  Acta Crystallogr. 1988, C44, 447-449. 

. ,  Cerdom, L. E.; Baenziger, N. A.; Goff, H. M .  Inorg. Chem. 1981,20, 

(26) Kaizaki. S.; Byakuno, M.; Hayashi, M.: Legg, J.  1.: Umakoshi, K.: Ooi, 
S. Inorg. Chem. 1987. 26. 2395-2399. 

1606- 1609. 
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Table 11. Atomic Coordinates ( X  I O 4 )  and Eguivalent Isotropic Displacement Coefficients (A2 X I03Pb 

Bocarsly et al. 

Cr  
01 
0 2  
0 3  
0 4  
0 5  
0 6  
hl  
\ 2  
N3 
\ 4  
\ S  
CI 
C ?  
C 3  

Cr I 
Cr2 
01 
0 2  
0 3  
0 4  
0 5  
0 6  
VI 
Y2 
u 3  
N 4  
h5 
CI 
c2 
c3 
c4 
C5 
c 0 
c 7  
C8 
c 9  
C10 
CI I 
C I 2  
C13 
C I 4  
CIS 
C l 6  
C17 
C18 
C19 
0 7  
OX 
0 9  
0 1 0  
01 I 

8335 ( I )  
10077 (3) 
I1082 (3) 
7428 (3) 
6077 (3) 
6401 (3) 
4283 (3) 
9371 (3) 

11281 (4) 
9220 (3) 
9481 (5) 
7252 (3) 

10026 (4)  
8552 (4 )  
6619 ( 5 )  

6012 (4) 
6161 (3) 
6x03 ( I  3) 
8098 ( I S )  
7551 (13) 
9679 ( 17) 
4794 ( I  3 )  
4343 (15)  
7408 ( I  5) 
4758 ( I  9 )  
3888 (21) 
2061 (15) 
4630 (19) 
7615 (19) 
8098 (21) 
8266 (24) 
8369 (20)  
9712 ( 2 2 )  
9551 ( 2 1 )  
8924 (24) 
8729 (22) 
91 I2  (25) 
9721 (24) 
9945 ( 2 2 )  
5122 ( ' I )  
6528 (20) 
4079 (32) 
3494 (34) 
4689 (24)  
5550 ( 2 2 )  
3524 (25) 
3817 (23) 
4324 (13) 
2693 ( 1  7) 
7080 ( I  3) 
8387 (15) 
5362 ( I  3) 

2696 ( I  ) 
2971 (2) 
2667 (2) 
3796 (2 )  
4522 (2) 
2268 (2) 
1513 (2) 
I542 (2) 
622 ( 2 )  

3168 (2) 
3480 (2) 
2322 ( 2 )  
2620 (2) 
21 13 ( 2 )  
3865 ( 2 )  

4725 (2)  
2087 (2) 
4667 (8) 
5479 (9) 
3960 (8) 
4046 ( 1  0) 
5762 (8 )  
7275 ( I O )  
5836 ( I O )  
3641 (12)  
2475 ( 1  3) 
4762 (10) 
4538 (12) 
5325 ( I  3) 
5991 (13) 
4408 ( 14) 
5498 ( 1  2) 
6005 (13) 
7094 ( I  4) 
7378 (14) 
8327 (14) 
9019 (17) 
8722 (16) 
7783 (14) 
6598 ( I  5 )  
6658 (14) 
3011 (20) 
2297 (24) 
3230 ( I  5) 
4351 (13) 
5041 ( 1 5 )  
5176 (13) 
1547 (8) 
636 ( I  0) 
861 (8 )  

3226 (8 )  
-219 (10) 

7261 ( I )  
8025 (2) 
9297 (2 )  
7519 (2 )  
8469 (2) 
6767 ( I )  
7024 (2) 
7026 (2) 
6896 (3) 
6150 (2) 
4804 (2) 
8382 (2) 
8769 (2) 
8974 (2) 
8203 ( 2 )  

9646 ( I )  
7122 ( I )  

10129 (3) 
10515 (3) 
9453 (3) 
9261 (4) 
9785 (3) 
9661 (3) 
9563 (3) 
9792 (4)  

10107 ( 5 )  
9146 (3) 
8573 (5) 

10206 (4)  
9917 (4)  
9336 (5) 
9259 (5) 
9208 (5) 
9127 (5) 
8808 (5) 
8730 (5) 
8977 (6) 
9307 (6) 
9371 (5) 
9658 ( 5 )  
9472 (5) 
9565 (8) 
9785 (9) 

10120 (6) 
8840 ( 5 )  
8700 (6) 
9055 ( 5 )  
7055 (3) 
7293 (4)  
7053 (3) 
7320 (3) 
7344 (3) 

6322 (5) 
5536 (4) 
6214 (4) 
5013 (4) 
4414 (5)  
5668 (8) 
3047 (7) 

10901 (4) 
9945 (5) 
8796 (5) 
8697 ( 5 )  

10534 (7) 
10349 (6) 
3073 (5) 

4813 (14) 
5954 ( 1  6) 
6122 (18) 
6548 (20) 
8130 (18) 
9871 (20) 
3822 (23) 
4707 ( 1  9)  
7598 (21) 
7263 (20) 
7328 (22) 
7077 (22) 
7961 (25) 
7810 (24) 
6617 (27) 
5636 (27) 
5842 (25) 
5265 (20) 
5769 (20) 
4861 (24) 
5210 (26) 
71 1 1  (28) 
9364 (22) 

10434 (27) 
8480 (24) 
3267 (23) 
4047 (34) 
6877 (24) 
6702 (35) 
8236 (37) 
8240 (44) 
8 I85 (42) 
8199 (39) 
8267 (42) 
8355 (37) 
8368 (50) 

3060 (2) 
1807 (2) 
1591 (2) 
1339 (2) 
428 (2) 

-211 (3) 
297 (4) 

1406 (3) 
227 (3) 
795 (2) 

3013 (3) 
3955 (4) 
3766 (3) 
4252 (2)  

3923 (9) 
1526 (9) 
2606 ( 1  0) 
3190 (13) 
2630 ( 1  2) 
3543 ( 1  4) 
1046 (13) 
891 (13) 
465 ( 1  3) 
993 (13) 
291 (14) 
742 ( I  4) 

1390 (15) 
1811 (15) 
1628 (18) 
990 ( 1  7) 
535 ( I  5 )  

3235 (13) 
2356 ( I  2) 
2870 (16) 
3241 (16) 
2776 (17) 
2232 ( I  6) 
2804 ( I  7) 
3450 (17) 
9798 ( 1  5) 

10650 (20) 
8933 (15) 
9836 (24) 
5960 (26) 
6245 (30) 
7128 (33) 
7853 (26) 
7607 (28) 
6808 (28) 
5061 (34) 

8690 (2) 
7256 (2) 
8139 (2) 
8807 (2) 
8730 (3) 
8912 (5) 
9315 (4) 
7123 (3) 
6630 (3) 
6699 (3) 
5369 (2) 
5226 (3) 
6070 (3) 
9310 (3) 

7857 (3) 
7639 (3) 
6610 (4) 
6090 (5) 
7197 (4) 
7357 (4) 
7313 (5) 
7639 (5) 
7329 (5) 
7696 (5) 
8021 (4) 
8364 ( 5 )  
8499 ( 5 )  
8828 (6) 
9029 (7) 
8921 (6) 
8562 ( 5 )  
7684 (5) 
7892 (5) 
6440 (6) 
6124 (6) 
6371 (6) 
7096 ( 5 )  
7215 (6) 
7349 (6) 
1611 (5) 
1672 (7) 
9988 ( 5 )  
9792 (9) 
6573 (10) 
6229 ( I  I )  
6092 ( 1 1 )  
6351 ( I O )  
6734 ( I  I )  
6894 ( 1  0) 
6642 (12) 

In this and following tables oi" crystallographic data, estimated standard deviations in  the least significant digit(s) are given in parentheses. 
Equivalent isotropic 1' dcfincd a s  one-third of the trace of the orthogonali7ed U,, tensor. 

ring versus that of the unsubstituted ring, with the presence of 
the substitucnt adding a significant amount  of ring strain. This 
difference ma) be rclcvant also to the structural understanding 
of EDTA derivatives incorporated into proteins currently being 
exa 111 i ncd. ?' 

Indications of the pattern of ring strain emerge from exami- 
nation of three structural parameters: the ring torsion angles 
(0-C-CH,-N). the angles subtended by the atoms on the mu- 
tually perpendicular a x c s  of the octahedron, and the octahedral 
angles about the Cr  ccntcrs. I n  all cases, the observed angles 
follows thc nnticipated order of ring strain: G, > G ,  > R (Table 
I V ) .  

The  metal-ligand bond lengths in the two coordination com- 
plcxcs fall Mithin thc ranges that are  typical for chromium- 
polyamino polycarboxylate systems. The  chromium-amine n i -  

trogen distances, 2.070 (3) (3a) and 2.086 (14) 8, (4a) (average), 
fall within the typical range of 2.04-2.14 A.22-26,28 Likewise, the 
chromium-oxygen lengths are  within characteristic limits of 
1.93-1.97 A.  These C r - 0  bond lengths d o  not show obvious 
correlation with the pattern of ring strain. 

The  chromium imidazole nitrogen lengths fall into two cate- 
gories: (a )  the imidazole trans to the amine nitrogen and (b) the 
imidazole trans to the R-ring carboxylate. T h e  trans amine 
Cr-Ni, lengths fall in the range 2.01 5 ( 1  7)-2.041 ( 1  4) A, while 
thc trans carboxylate Cr-Ni, lengths vary from 2.058 ( 1  7)  to 
2.074 (14) A. The  average difference between the two for all 
structures is 0.03 A. 

Biologically Relevant Solid-state Interactions. The  intermo- 
lccular interactions within the crystal lattice in the case of both 

(28) Pennington, W .  T.; Cordes, A .  W.;  Kyle, D.: Wilson, E. W. ,  J r .  Acta 
Crysfallogr. 1984. C40. 1322-1 324. (27 )  R a m .  J .  M ; Meares. C. F. J .  Am. Chem. Soc. 1990. 112. 2457-2458. 
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Table 111. Selected Bond Lengths ( A )  and Bond Angles (deg) Table IV. Comparison of Selected Bond Angles (deg) for 3a and 4a" 
w i t h  Values for the T w o  Crystallographically independent Molecules 
of 4a Quoted in the Order Molecule I .  Molecule 2 (a) Compound 3a 

Bond Lengths 
Cr-01 
Cr-05 
Cr-N3 
01-CI 
03-c3 
05-c5 
Y - C 2  
N 5-C6 
c3 -c4  

01-Cr-03 
03-Cr-05 
03-Cr-N I 
01-Cr-N3 
05-Cr-N3 
0 I -Cr-N5 
05-Cr-h15 
Y3-Cr-NZ 

Crl-Ol 
Cr 1 - 0 5  
Crl-N2 
Cr2-07 
Cr2-011 
Cr2-N7 
01-CI 
03-C3 
0 5 - c  I 2  
N I -C2 
NI-C13 
c3 -c4  
07-C20 
09-C22 
01 I-C31 
N6-C2 I 
N6-C32 
c22-c23 

0 I -Cr 1-03 
03-Cr 1-05 
03-Cr I -N I 
OI-Crl-hl2 
O5-Crl-N2 
01 -Crl -N4 
05-Cr I -N4 
N2-Cr I -N4 
07-Cr2-0 I 1 
07-Cr2-N 6 
01 I-Cr2-N6 
09-Cr2-N 7 
N 6-C r 2-N 7 
09-Cr2-Y9 
h6-Cr2-NO 

- 
1.962 (3) Cr-03 
1.951 ( 2 )  Cr-N 1 
2.038 (3) Cr-N5 
1.290 (4) 0 2 - c  1 
1.279 ( 5 )  04-C 3 
1.291 (4) 06-C5 
1.486 (4)  N 5-C4 
1.508 (4) CI-C2 
1.505 (5) C5-C6 

Bond Angles 
88.8 ( I )  01-Cr-05 
93.0 ( I )  01-Cr-NI 

177.5 ( I )  05-Cr-N 1 
99.0 ( I )  03-Cr-N3 
96.0 ( I  ) N 1 -Cr-N3 
83.5 ( I )  03-Cr-N5 
81.7 ( I )  NI-Cr-N5 

173.7 ( I )  

(b) Compound 4a 
Bond Lengths 

1.955 ( 1 1 )  Crl-03 
1.938 ( 1 2 )  Crl-NI 
2.015 (17) Crl-N4 
1.936 ( 1 2 )  Cr2-09 
1.957 ( I  2 )  Cr2-N6 
2.041 (14) Cr2-N9 
1.242 (22) 02-C1 
1.238 (25) 04-C3 
1.303 (23) 06-C12 
1.491 (22) NI-C4 
1.469 (24) CI-C2 
1.570 (26) C12-CI3 
1.283 ( 2 2 )  08-C20 
1.269 (21)  OIO-C22 
1.270 ( 2 1 )  012-C31 
1.492 (23) N6-C23 
1.508 ( 2 1 )  C20-CZI 
1.586 (25)  C31-C32 

Bond Angles 
91.3 (5) 01-Crl-05 

164.4 ( 5 )  01-Crl-NI 
82.6 ( 5 )  05-Crl-NI 
87.3 (6) 03-Crl-N2 
97.8 (6) NI-Crl-N2 

176.6 (6 )  03-Crl-N4 
87.4 ( 5 )  NI-Crl-N4 
89.9 (6) 07-Cr2-09 
90.9 ( 5 )  09-Cr2-01 1 
83.3 ( 5 )  09-Cr2-N6 
83.2 (5) 07-Cr2-N7 

101.6 (5 )  01 I-Cr2-N7 

1.946 (3) 
2.059 (3) 
2.070 (3) 
1.228 (4) 
1.210 (4) 
1.225 (4) 
1.493 ( 5 )  
1.530 (5) 
1.538 ( 5 )  

164.9 ( I )  
88.7 ( I )  
89.4 ( I )  
90.0 ( I )  
90.6 ( 1 )  
84.2 ( I )  
95.3 ( I )  

1.964 ( I  2 )  
2.080 (14) 
2.074 (14) 
1.952 ( I  2 )  
2.091 (12) 
2.058 ( I  7) 
1.258 ( 2 1 )  
1.216 (28) 
1.210 (25) 
1.537 (22) 
1.501 (25) 
1.519 (28) 
1.229 (26) 
1.223 (24) 
1.240 (22) 
1.478 (24) 
1.499 (26) 
1.536 (24) 

91.2 (5) 
85.3 (5) 
82.2 (5) 
97.8 ( 6 )  

172.6 (6) 
90.9 ( 5 )  
97.6 ( 5 )  
92.9 ( 5 )  

162.5 ( 5 )  
80.3 (5) 
90.2 (6) 
95.4 (5)  

1 7 3 . i  i 7 j  0 7 - c F 2 1 ~ 9  178.7 i6j 
86.0 (6)  01 1-Cr2-N9 90.0 (6) 
95.9 (6) N7-Cr2-N9 90.6 (7) 

molecules exemplil'y thc biologically relevant interactions that may 
occur bctwccn thc coniplcxcs and protein surfaces. Two  types 
of interactions a re  observed in the crystal structures. First, there 
a r c  apparent hydrogen-bonding interactions in both structures,  
between coordination complexes and  between complexes and 
solvent molecules. These were isolated by searching for all N - 0  
and 0-0 nonbonded intramolecular contacts less than 3.1 A and 
then examining the available angular relationships to determine 
thc cxtent to which a linear X-H-Y ( X  = donor, Y = acceptor) 
arrangement is found. Table V lists bond lengths and angles for 
all possible hydrogen bonds. Second, an examination of the crystal 
data  indicates that  the weakly polar aromatic-aromatic interac- 
tions which have recently been n ~ t e d * ~ * ) ~  i n  protein crystal 
structures occur between the aromatic rings i n  the crystal lattice 

~~~~~ 

(29) Singh, J : Thornton. J .  M .  FEBS Lerr. 1985, / 9 / ,  1-6. 
(30) Burley, S .  K.; Petsko. G. A Science 1985. 229. 23-28. 

3a 4a 
ring torsion angles 
R ring 10.2 (5) 5.9 (2.5). 11.6 (2.2) 
G ,  ring -16.7 (4) -16.5 (2.2), -14.8 (2.3) 
G ,  ring 30.0 (4) 37.1 (2.l), 25.5 (2.1) 
axis bond angles 
Nimidazole-Cr-o 177.5 ( I )  176.6 (6). 178.7 (6) 

midazole-Cr-Namme 173.7 ( I )  172.6 (6). 173.3 (7) 
0-Cr-0 164.9 ( I )  164.4 (5), 162.5 (5) 
octahedral angles about Cr 
R: 0-Cr-N,,,,, 84.2 ( I )  85.3 (5). 83.3 (5) 
G,: 0-Cr-N,,,,, 83.5 ( I )  82.2 (5), 83.2 (5 )  
G,: 0-Cr-N,,,,, 81.7 ( I )  82.6 (5), 80.3 ( 5 )  

imida*ole-Cr-Nimidazole 90.6 ( I )  89.9 (6), 90.6 (7) 

"While some of the differences between the angles in 4a are not 
statistically significant, these data generally follow the trend provided 
both by other structural parameters for 4a as well as the data for 3a. 

Table V .  Bond Lengths and Angles of Apparent Hydrogen-Bonding 
Interactions in 3a and 4a 

acceotor-donor (angle used) dist. 8, angle. dee 
Cr((S)-LDA)(im)* (3a) 

06-N4 (06-H-N4) 2.867 I72 
04-N2 (04-H-N2) 2.91 I 154 
04-0,,,,, (0,,,~,-04-~2) 2.924 149 
02-0,,,,, (02-0,,,,,-04) 3.029 I28 

03-N3 (03-H-N3) 2.899 152 
Cr( (S-PDA) ( I m), (4a) 

05-0methanoI' ( 0 5 - 0 m e l h a n 0 1 - ~ m e l h a n o l )  2.957 97 
08-0methano? (08-0melhanol-Cmelhanol) 2.769 102 
01 0-N I O  (010-H-N I O )  2.696 I64 

Methanol molecules are crystallographically independent. 

of 4a (involving both complex and solvent). 
The  crystal lattice of 3a contains four apparent  hydrogen- 

bonding interactions. All involve the  coordinated carboxylate 
groups of the nitrilotriacetate framework a s  acceptors. I n  two 
of these bonds, t hedonor  groups a re  imidazole N H  protons, and 
in the other two cases, the donor is a water of crystallization. The 
bonding relationships a re  a s  follows. N4 of one molecule appears 
to be involved in a bond with 0 6  of a neighboring complex (2.867 
A).  Next, the carbonyl oxygen 0 4  may be hydrogen bonded both 
to solvent water and N2 of a neighboring molecule. Finally, the 
water molecule i n  turn appears  to be bonded to 0 2  of a neigh- 
boring complex in addition to 0 4 .  These latter relationships a r e  
presented in structure I (Table V). The overall pattern of bonding 

2924A 

I 
in the crystal leads to  a hydrogen-bonding network in  which all 
potential bonds on the complex are satisfied. 

T h e  hydrogen bonding in the crystal structure of 4a is similar 
to that found in 3a; however, the same number of intermolecular 
bonds are distributed over the two crystallographically independent 
molecules of complex. Therefore, not all of the possible hydrogen 
bonds a re  satisfied. In  addition, while it is the noncoordinated 
carboxylate oxygens that a r e  the hydrogen bond acceptors in 3a, 
in one of the crystallographically independent molecules in t he  
structure of 4a, it is the coordinated oxygens that  serve a s  t he  
acceptors, B phenomenon that has been observed in similar ligand 
systems.13 I n  the second molecule, the pattern of t he  noncoor- 
dinated carboxylate oxygens serving a s  acceptors is resumed (Table 
V ) .  

The  possible aromatic-aromatic interactions in 4a involve the 
pendant phenylalanine rings of molecules 1 and 2 as well a s  toluene 
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-60-1 I I 

Bocarsly e t  ai. 

Table VI. Geometric Parameters for Aromatic Rings in the Crystal 
Structure of 49' (Ring Labeling Scheme: Ring 1 = C6-CI 1: Ring 2 
= C25-C30: Rings TI  and  T,b = C39-C44 (Toluene of 
Crvstalliiation)) 

ring P deg r .  A 0, deg 6 ,  deg smallest C-C dist, A 
1-2 77.8 5.180 77.7 14.8 C9-C25 (3.859) 
2-TI 61.5 4.895 105.2 170.6 C26-C39b, 3.710 

I-TI 23.0 6.247 
I-T, 23.0 9,303 

2-T2 61.5 5.026 102.2 149.8 C29-C40a. 3.780 

O O  and $) V J I U C ~  v.crc calculated by projecting thc appropriate ring 
cenLroid and carbon positions on t h e  mcan plane of the required ring. 
Thc dcaircd angle> wcrc thcn calculated from these positions. b T ,  and 
T2 refer to two separate crystallographically identical toluene molecules 
lociitcd in adjacent un i t  cells, both of which have geometric parameters 
t h a t  f i t  t hwc  for a n  interaction with ring 2 .  

- 
ring T2 

Figure 3. ORTEP representation of the aromatic-aromatic ring interaction 
in  the crystal structure of 4a. Rings I and 2 are the phenylalanine rings 
of thc  t w o  cr)stnllographically independent molecules of 4a. Rings T I  
and  T, arc idcntical tolucne solvent molecules in adjacent un i t  cells. 

solvent molcculcs of crystallization. Aromatic-aromatic inter- 
actions. initially discovered by statistical examination of the relative 
oricntation bctwccn aromatic  rings i n   protein^,^^,^^ approach a 
geonictry in which the rings are  mutually perpendicular, allowing 
thc 6(+)  hydrogens of one ring to interact with the a(-) T-electron 
cloud of thc othcr.) '  The  geometric parameters  of such edge- 
to-facc intcractions have been described by constructing a polar 
coordinatc systcm that dcfincs the orientation of the donor ring 
relative to the acceptor ring. The parameters examined (according 
to Singh and T h ~ r n t o n * ~ )  are  the angle between ring planes ( P ) ,  
thc position of the donor ring centroid with respect to the acceptor 
ring ccntroid in polar coordinates ( r .  8, 4) (see structure I I ) ,  and 

I1 

the closcst carbon-carbon approach between the rings. Typical 
valucs from protein-based distributions include a centroid sepa- 
ration of - 5 . 5  A29 (the range is 3.4-5.6 A) and a mean interplanar 
anglc of 68° .3 '  The distribution of closest carbon-carbon lengths 
has ;I pcak bctwcen 3.6 and 4.2 Values for the phenylalanine 
rings of molcculcs I and 2 and nearby toluene molecules of 
crystallization appcar i n  Tablc  VI; the geometric relationships 
betwccn thc rings in 4a is depicted in Figure 3. As can be seen 
from thc values i n  Table VI, the geometric relationship between 
rings I and 2 (thc phcnylalaninc rings of molecules I and 2, 
respcctivcly) falls well within the distribution of values found for 
aromatic-aromatic interactions in proteins. The interplanar angle 

(31)  Burley. S .  K.: Petsko. G.  A .  J .  Am. Chem. SOC. 1986.108.7995-8001. 

I I 

(32 )  Winter, J .  A.; Caruso. D.: Shepherd, R.  E. Inorg. Chem. 1988, 27, 
1086-1 089. 
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Table VII.  Absorbance and Circular Dichroism Suectra for 2. 3a.b. and 4a.b0 

band i band 2 

complcx abs Xmax (c )  CD Xmax (Ac) 
Cr(NTA)(H20) ,  ( I ) *  558 (102) 
Cr(NTA)(Iiii), (2) 535 (95) 
Cr(hTA)(l in)2 ( 2 ) b * r  535 ( I  I I )  
Cr((S)-LDA)(lm)2 (3) 530 (96) 558 (+0.197) 

Cr((S)-PDA)(Im), (4) 530 (95) 552 (+0.223) 
488 (-0.163) 

487 (-0.078) 

abs Xmax ( c )  

405 (99) 
390 (126) 
389 ( I  37) 
390 ( I  19) 425 (+0.032) 

375 (+0.049) 
390 ( I  25) 430 (+0.046) 

374 (+0.073) 

CD A,,, (Ac)  

'Spectra wcrc taken in methanol solution, cxcept where  indicated. All values are averages based on at  least two determinations. Units for X are 
mi: u n i t \  fur ( Lind are M-I cm-I. bAqueous solution. cValues determined by oxidation of chromium(ll1) to chromate ion. 

I I I I I I i 
350 425 500 575 650 725 800 

Wavelength (nm) 

Figure 5. Changes in  the visible spectrum of 2 as a function of time at 
25 OC in phosphate-citrate buffer at pH 7.01: (a) total change over - 15 
h ( I  scan/30 min);  (b) initial changes over the first hours of reaction (I 
scan/30 min) ;  (c) final changes in spectrum after 14 h of reaction ( 1  
scan/OO i n i n ) .  lwsbcatic points in part  b arc located at 426, 456, and 
589 n n i .  

CD spectra confirm that the absolute configuration of 4a is the 
same as the crystallographically determined configuration of 3a. 
t and At values a r e  listed in Table  V I I .  

Aquation of Cr(NTA)(lm), (2). Figure 5a is a typical set of 
consecutive spectra obtained during reaction of 2 in phosphate- 
citrate buffer a t  pH 7.0 (25  "C) over - 15 h. While it appears 
from Figure 5a that well-behaved isosbestic points are  maintained 
throughout reaction, examination of the changes in the spectrum 
a t  long reaction times reveals that this is not so (Figure 5c). Good 
isosbestic points are,  however, observed initially (Figure 5b), 
suggesting that the reaction is a clean conversion of 2 to product, 
followed by a secondary reaction of the product. Hence, the 
reaction appears  to be of the form A - B - C. I t  is apparent  
from Figure 5c that the spectral change in the 630-nm region a t  
long reaction times is negligible, so the A - B reaction was 
followed a t  this wavelength. Plots of In ( A  - Ai )  versus time (not 
shown) from which the kapp values were calculated both show 
curvature  and are  on the border of the acceptable range. The 
apparent first-order rate constants for the reaction i n  aqueous 
solution a t  25 O C  i n  phosphate-citrate buffer (0.5 M ionic 
s t rength)  a r e  5.9 X SKI ( p H  7) .  

The  overall reaction involves loss of imidazole ligand, a s  free 
imidazole rcsonanccs are  readily observed in the ' H  N M R  
spcctrum of complcx in DzO. The  lability of the chromium- 
imidazole bond has been previously reported.32 In order to ex- 
plicate further the structure of the reaction product, the complex 
was dcutcrated a t  both the I -  and 2-positions of imidazole (2a), 

s-I ( p H  6) and 8.0 X 

A 

i I \  

I 1 
0 -20 -40 -60 -80 -100 

PPm 

I ,  

0 -20 -40 -60 -80 -90 

PPm 

r 1 
0 -20 -40 -60 -80 -90 

PPm 
Figure 6. 38-MHz 2H N M R  spectra of 2a in (a) methanol (ambient 
temperature); (b)  H 2 0  (ambient temperature); and (c) methanol (-10 
"C). Shifts in 6 (ppm) in water (w)  and methanol (m), based on either 
a n  internal or a n  external C2HC13 standard (7.24 ppm), are as follows: 
peak I ,  -62.2 (w),  -60.1 (m); peak 2, -43.2 (w),  -42.9 (m); peak 3, -24.4 
(w) ,  -28.9 (m);  peak 4, -15.9 ( w ) ,  -18.2 ( m ) .  

and the reactant and products were studied by ,H N M R .  Deu- 
terium N M R  has been used for structural studies of a variety of 
deuterated Cr( I1 l )  complexes due to the observable N M R  line 
width of deuterium when located on a moiety coordinated to a 
paramagnetic center such as Cr(111).33,34 Figure 6 shows spectra 
of 2a in methanol and aqueous solution, respectively, taken a t  
ambient  temperature. In addition to  resonances for H D O  and 
free imidazole-2-d ( the  N (  I)-D exchanges rapidly in methanol 
and water) ,  the spectrum shows four signals. T h e  highest field 
resonance is appreciably larger in area than the other lower field 
resonances. A consideration of space-filling models of the complex 
led to the following interpretation of the spectra. T h e  large 
high-field resonance (peak I ,  Figure 6) is assigned to the imidazole 
trans to the amine nitrogen, as it can freely rotate around the 
chromium-nitrogen bond (Figure 7a). In regard to the imidazole 
ring trans to  the carboxylate, three magnetic environments can  
be postulated: (a) a n  orientation with the plane of the imidazole 
parallel to the 0 - C r - 0  axis, with this orientation and the ori- 
entation 180° opposite being equivalent (Figure 6, peak 3; Figure 
7b); (b) a n  orientation with the imidazole ring perpendicular to 
the 0 - C r - 0  axis and with the C 2  proton (deuteron) disposed 
between the nitrilotriacetate methylene protons (Figure 6, peak 
2 or 4; Figure 7c or d); (c) a second orientation with the imidazole 
ring perpendicular to the 0 - C r - 0  axis and with the C4 proton 

(33) Johnson, A.; Everett, G. W.,  Jr .  J .  Am. Chem. SOC. 1972, 94, 
1419-1425. 

(34) Wheeler, W.  D.; Kaizaki, S.; Legg, J .  I .  Inorg. Chem. 1982, 21, 
3250-3252. 
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Figure 7. Proposed *H magnetic environments for 2a. The environment 
depicted in each frame refers exclusively to the deuteron in italic boldface 
script. K e y :  ( a )  trans amine imidazole rotating freely about the Cr-N 
axis. with the deuteron seeing a single average environment: (b )  trans 
carboxylate imidazole deuteron wi th  imidazole ring parallel to the 
cquatori;il 0-Cr-0 ;ixis: (c) trans carboxylate imidazole deuteron wi th  
imida7ole ring pcrpendiculnr to the equatorial 0-Cr-0 axis and t h e  
dcutcron bctwccn thc nitrilotriacetate methylene protons: (d) trans car- 
boxqlatc imid;ii.olc dcutcron wi th  imidazole ring perpendicular to t h e  
equatori;il 0 -Cr -0  ;\xis and the imida~ole C-4 proton between t h e  n i -  
tri1otri;icct;itc methylene protons. wi th  the deuteron located roughly un- 
der thc coordinLitcd nitrogen of thc other imidazole ring. 

between the methylene protons, i.e.. rotated 180" from orientation 
b (Figurc 6, pcak 2 or 4; Figurc 7c or d ) .  

In n n  ilttcmpt to gain further information about these assign- 
ments. thc spcctrum was measured a t  -10 "C on the assumption 
that orientations b and c. which appear to be substantially more 
stcricnlly hindered than orientation a ,  would become depopulated 
a t  lower temperature .  T h c  spectrum obtained is displayed in 
Figurc 6c. While ;ill thc pcaks broaden a t  low temperature, the 
tuo  most intense pcaks (pcak 1 and peak 3 in Figure 6c)  have 
rough11 thc same linewidths (measured as full width a t  half peak 
height) ;IS thcy do at ambient temperature (peak I ,  510 (ambient), 
550 H z  (-10 " C ) ;  pcak 3, 190 (ambicnt) ,  200 H z  (-10 "C)). 
Peaks 2 and 4. howevcr. are too broad for any accurate estimation 
of their linc widths. which may indicate that these two peaks are  
duc to dcpopulated conformational states. The low-temperature 
spectrum is thcrefore a further indication that peaks 2 and 4 are  
appropriatcly assigned to conformations b and c above Figure 7c 
and d):  pcnk 3 would then correspond to conformation a (Figure 
7b ) .  

Thus the conformation (a )  for the trans-carboxylate imidazole 
ring of C r ( N T A ) ( l n i ) 2  (Figurc 7b)  is thought to be the lowest 
energy orientation for this ring. This accords with the confor- 
mation found in the crystal structures of 3a and 4a (Figures 1 
and 2 ) .  I n  addition. ii crudc measure of the steric barrier to 
rotation or thc iniidazole ring in question about the Cr-N axis 
is the distance of closest approach of the nitrilotriacetate methylene 
protons to the C3 and C5 imidazole protons, as determined from 
the crystal coordinates. In the case of 3a. this value ranges from 
approxim:itcly 0.9 to 1.3 A. depending on which combination of 
protons is considcrcd. suggesting a substantial steric barrier. Given 
the above assignment scheme. a sample of 2a  was equilibrated 
i n  unbuffered H,O. As can be seen from the initial and final 
spcctrn i n  Figurc 8. peak 1 shows an unmistakable decrease i n  
intensity relativc to the other peaks i n  the spectrum. indicating 
that i t  is the trans-amine imidazole which leaves i n  this reaction: 
presumably its coordination site is filled by an aquo or hydroxo 
ligand (depending on the pH of reaction). 

T h c  conclusions drawn from thc  ,H N M R  data  may be ra- 
tionalized by considering the ligand set in this complex. Given 

Bocarsly et ai. 

0 -20 -40 -60 -80 
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4 i 

0 -20 -40 -60 
PPm 

Figure 8. 38-MHz 2 H  N M R  spectra of 2a i n  H 2 0 :  (a) fresh solution: 
(b)  solution after equilibration at room temperature. 

Table VIII. Comparison of Carboxylate C - 0  Bond Lengths (A) for 
3a and 4a 

Cr(0-C) 
length 

c r ( ( s ) - L D A ) ( l ~ n ) ~  (3a) 1.291 (4) 
1.290 (4) 
1.279 15)  

c r ( ( s ) - P D A ) ( l n ~ ) ~  (4a)" 1.238 i25) 
1.303 (23) 
1.242 (22) 

Cr((S)-PDA)(lm)2 (4a)b 1.269 (21) 
1.270 (21) 
1.283 (22) 

c=o 
length 

1.225 (4) 
1.228 (4) 
1.210 (4) 
1.216 (28) 
1.210 (25) 
1.258 (21) 
1.223 (24) 
1.240 (21) 
1.229 (26) 

diff 
0.066 
0.062 
0.069 
0.022 
0.093 

-0.01 6' 
0.046 
0.030 
0.054 

Molecule 1 .  Molecule 2. CThis difference is not statistically sig- 
n i  fica n t .  

the presence of three carboxylate donors coordinated to the metal 
center, cis I a b i l i z a t i ~ n ~ ~  via the carboxylates may play a role. The 
Carboxylate cis labilization effect has previously been observed 
in group 6 d6 metal carbonyl complexes36 of the form [M- 
(CO),(O,CCX,)]- ( M  = Cr,  Mo, W; X = H, F). In structurally 
characterized systems in which cis labilization has been ~ tud ied ,~ ' . )~  
this kinetic effect has been associated with an approximate equality 
i n  the two C-0 bond lengths of the coordinated, cis labilizing 
carboxylate ligand, despite the fact that  one of the two bonds is 
formally a single bond while the other is formally a C-0 double 
bond. It was observed that in cis-labilizing carboxylate ligands, 
the difference between the two carboxylate C-0 distances averages 
0.02 A, versus a C-0 bond length difference of 0.09 A or greater 
in systems where cis labilization does not O C C U ~ . ~ * * ~ ~  The  C-0 
carboxylate bond length differences in the structures of 3a and 
4a are consistent with this trend (Table V l l l ) .  The average C-0 
difference for the complexes described here (all carboxylates), 
0.05 f 0.03 lies well below the 0.09 8, difference for non- 
cis-labilizing carboxylates and somewhat above the 0.02 8, value 
for cis-labilizing carboxylates. This deviation between the dif- 
ference values found in 3 a  and 4 a  from those found in the cis- 
labilizing metal carbonyl complexes may be attributed to the other 
substantial variations between the two sets of complexes, including 
differences in the oxidation state of the metal, the charges of the 
complexes, the bonding characteristics of the ligand set, and 

(35) Oldham, C. I n  Comprehensice Coordination Chemistry; Wilkinson, G., 
Ed.; Pergamon Press: New York, 1987; Vol. 2 ,  Chapter 15.6. 

(36) Atwood. J.  D.; Brown, T. L .  J .  Am. Chem. Soc. 1976, 98, 3160-3166. 
(37) Cotton, F. A,; Darensbourg, D. J . :  Kolthammer, B. W .  S. J .  Am. Chem. 

(38) Cotton. F. A, ;  Darensbourg, D. J.; Kolthammer, B. W.  S.; Kudaroski, 
R. Inorg. Chem. 1982, 2 1 ,  1656-1662. 

(39) Speakman, J. C.: Mills, H. H.  J .  Chem. Soc. 1961, 1164-1174. 
(40) This error is the standard deviation of the differences found in the three 

crystallographically independent structures of 3a and 4a. 

SOC. 1981, 103, 398-405. 
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spectrum (Figure 5c) support this picture.15 Scheme I depicts 
these reactions. At  pH values below 6, the initial reaction does 
not show clean isosbestic points. This may be due  to loss of 
imidazole from both coordination sites; presumably, there is no 
aquo ligand proton loss a t  lower pH values. The reaction does 
appear,  however, to proceed much more slowly a t  lower pH.  

Conclusion. We have presented the synthesis, full  character-  
ization, and relevant aspects of the solution chemistry of a family 
of transition-metal complexes that have been designed as inorganic 
probes of protein structure.  Viewed as models for geometry- 
specific agents for biological targets, these complexes offer the 
advantages of multiple fixed ligand geometries, a variety of in- 
terchangeable biologically relevant ligand sets, and a solution-state 
lability involving monodentate ligands, which suggests the pos- 
sibility of covalent interactions with suitable protein side chain 
moieties. Furthermore, an examination of the siolid-state structures 
of the substituted complexes indicates that  both molecules can 
engage in biologically relevant interactions; in the case where a 
phenylalanine side chain is used as the substituent, the structural 
parameters of the aromatic rings in the crystal lattice fit well with 
those rings observed in protein structures to participate in non- 
classical aromatic-aromatic interactions. This illustrates how 
transition-metal complexes may be constructed with a full array 
of geometrically fixed weak noncovalent interactions. These 
interactions, as indicated by our initial studies,* can be used to 
guide metal complex binding with protein surface targets. 
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differences in lattice interactions in the solid state ( e g ,  the metal 
carbonyl complexes exhibit no evidence of hydrogen bonding in 
the solid state, while the chromium-nitrilotriacetate complexes 
do).  I f  the nitrilotriacetate carboxylates are cis labilizing and i f  
the effect is statistical, the trans amine imidazole, which is cis 
to three carboxylates, is expected to be more strongly labilized 
than the trans carboxylate imidazole. which has only two cis 
carboxylates. 

In  light of this discussion, it should be noted that the trans amine 
Cr-Nimidaralc bond lengths in the structures of 3a and 4a are shorter 
than the trans carboxylate lengths, by an average (for all struc- 
tures) of 0.03 f 0.02 This may be due to a combination of 
factors, such as thc influcncc cxcrted by lattice forces (e.g., hy- 
drogcn bonding), which may affect solid-state bond lengths, or 
it may indicate that these shorter metal-imidazole bonds are more 
kinetically labile than their longer counterparts.  

Thc  changcs in thc visible spectrum of 2 in  aqueous solution 
a rc  thcrcforc intcrprctcd as follows: Initially, a clean aquation 
of 2 to Cr (NTA)(  Im)( H,O) involving loss of the trans amine 
imidazole occurs. As the concentration of C r ( N T A ) ( l m ) ( H , O )  
builds up, secondary reactions begin, which likely involve the loss 
of the remaining imidazole and its replacement by an aquo ligand, 
accompanicd by dcprotonation of aquo ligand to form a coordi- 
nated hydroxide leading to bis(p-hydroxo) dimer formation. The 
pK, of wntcr coordinated to bis(aquo)(nitrilotriacetato)chromi- 
u n i ( l l l ) ,  5.87 ,4  and thc rcd shifts i n  the peaks of the visible 




