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relative magnitudes of the ' J c ~ N  and zJc  coupling^,^ the specific 
detection of this cross peak in the HCA(C0)NNH spectrum 
allows its unambiguous identification. In the next step, the cross 
peak due to the intraresidue correlation for E24, in the HCANNH 
spectrum, is located by searching at  the IH, and 13Cu chemical 
shifts determined for the previous interresidue correlation; the cross 
peak is found in the fzfl plane shown in Figure 2c. In this case, 
the next interresidue correlation to I23 is missing from the 
HCANNH spectrum. However, this correlation is easily detected 
in the corresponding fzfl plane of the HCA(C0)NNH spectrum, 
allowing one to proceed with the sequential assignment (Figure 
2d). The comparisons shown in Figure 2 indicate that the de- 
tection of the interresidue connectivity in the HCA(C0)NNH 
experiment is a t  least as sensitive as the detection of the intrar- 
esidue connectivity in the HCANNH experiment; we have found 
this to be true in all cases in ubiquitin. 

In summary, the two 4D N M R  experiments allow us to de- 
termine unambiguously intra- and interresidue connectivities 
between the backbone IHN, 15N, I3Cu, and 'H, nuclei. Because 
both experiments rely solely on one bond magnetization transfer 
steps, they are insensitive to the secondary structure of the protein. 
Our approach requires just two 4D N M R  experiments, each of 
which can be recorded in a similar time to one or two of the (five 
or more) 3D NMR experiments used in the earlier approach. As 
with the 4D HCACON ~ p e c t r u m , ~  the higher dimensionality of 
our spectra reduces problems caused by overlap of 1Hu-13Cu cross 
peaks. Both of our 4D N M R  experiments can be recorded on 
a protein sample dissolved in HzO using an identical experimental 
set-up, which is a significant additional benefit. It avoids diffi- 
culties in comparing spectra with differing digital resolution or 
differing chemical shifts due to isotope effects. This will be 
particularly important for automated assignment procedures 
presently being developed. 
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In this report, we describe a new class of pterin-derived ligands 

and copper ion complexes (Scheme I), designed to permit the 
controlled investigation of pterin/Cu/O, interactions and redox 

Such studies may be relevant to the active site 
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chemistry of a phenylalanine hydroxylase (PAH) from Chro- 
mobacterium uiolaceum, described recently by Benkovic and 
co-worker~ .~ ,~  In mammalian systems, this is a non-heme iron, 
pterin, and dioxygen dependent enzyme which effects the hy- 
droxylation of phenylalanine, giving tyrosine. Our current ac- 
tivities in bioinorganic copper-dioxygen chemistry7 have interested 
us in PAH since, in this bacterial form, reaction of a reduced 
tetrahydropterin cofactor and O2 occurs in the presence of a 
required copper ion cofactor. Since a 4a-hydroxypterin moiety 
can also be detected as a reaction product, the copper-mediated 
formation and/or reaction of a previously formed 4a-peroxypterin 
intermediate has been p r o p o ~ e d . ~ ~ ~ ~  

To study the basic chemistry of such systems, we wanted to 
(1) synthetically modify pterins, placing a ligating group in the 
6-position. Placement here would allow favorable chelation to 
the neighboring pterin N5 nitrogen and also allow proximity to 
the 4a-position where Oz/peroxide chemistry is suggested to OCCUT.~ 
EPR9 and EXAFSIO spectroscopic approaches implicate protein 
copper (as Cu(I1)) coordination to N5, in addition to two or three 
protein-derived imidazole ligand donors. Substituents at the pterin 
6-position should not inhibit the desired chemistry, since a variety 
of 6-substituted pterins (e.g., Me, CH(OH)CH(OH)CH, bio- 
pterin) act as substrates for PAH.5 We also wanted to (2) use 
a nitrogen-containing chelate group, one that might mimic a s p  
of imidazole coordination but, more importantly, be known to 
effect Cu(I)/Cu(II) redox and O2 c h e m i ~ t r y , ~ . ~  and to (3) solu- 
bilize the pterin moiety (known to generally be very insoluble)," 
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firmed the ligand synthesis design, with the tridentate PY2 chelate 
attached through the 6-position. The mononuclear Cu(I1) complex 
displays a coordination geometry distorted from perfect square- 
based pyramidal, consistent with the EPR spectrum observed 
[DMF (77 K): gll = 2.23, Ail  = 147 X cm-l, g, = 2.041. 
The pterin N5 nitrogen is in the axial position, with Cu-N5 = 
2.33 A. The Cu-.04 distance is long (3.29 A) and essentially 
noninteracting, and Cu...C4a = 3.41 A. The coordination in 1 
contrasts with that seen in the ternary species of the type 
[L,Cu"(pterinate),]"+ (L is 2,2'-bipyridine, 1 ,lo-phenanthroline, 
tris(3-phenylpyrazolyl)hydroborate, or acetate), recently studied 
by Nieter Burgmayer2a and YamauchLzb In these complexes, 
strong in-plane coordination provides Cu-NS tcrinatc bond lengths 
ranging from 2.01 to 2.06 A; Cu(I1) also bin& to the C4 anionic 
oxygen atom, where the pterin moiety is a deprotonated anion. 
Pterin L is coordinated in its un-deprotonated form in 1, as ev- 
idenced by (i) the requirements of total charge on the Cu(I1) 
complex 1 and (ii) the presence of multiple N-H IR absorptions 
for 1," assigned to the N-H N 3  bond and/or N 2  amide N-H 
bond. 

To begin probing the redox properties of this fully oxidized 
copper(II)-pterihx system, we sought to prepare a Cu(1) analogue. 
Thus, reaction of L with [CU(CH~CN)~]PF,  in CH2C12 under Ar 
followed by precipitation with hexane gave a dark brown Cu(1) 
complex, [LCu](PF,) (2) (Scheme I).2o This species displays 
a sharp IH N M R  spectrum?O is EPR silent, and shows no visible 
absorptions ascribable to d-d bands, consistent with its formulation 
as a copper(1)-pterin,, compound. The absorption seen at 470 
nm (e = 3100) in 2 is therefore tentatively assigned as a cop- 
per(1)-to-pterin MLCT transition, suggesting that it is indeed 
coordinated to the pterin moiety through N5.20b Cyclic voltam- 
metric (CV) experiments indicate that 2 displays a reversible 
one-electron (confirmed by bulk electrolysis) oxidation in aceto- 
nitrile with El12 = +0.063 V vs Ag/AgN03. This exactly matches 
the CV behawor of a Cu(I1) complex not having a chloride ligand, 
[LCu] (CF3S03)2 (3),21 independently prepared by reaction of 
copper(I1) triflate with L (Scheme I). Thus, we suggest 2 and 
3 have closely related tetracoordinate (e.g., PY2 and pterin N5) 
structures, differing from 1 by the additional chloride ligation. 

Thus, we have succeeded in derivatizing pterin moieties and 
have isolated and characterized highly soluble22 Cu(1) and Cu(I1) 
complexes containing a chelate a t  the 6-position of the oxidized 
pterin. This makes these compounds potentially suitable for studies 
of copper/pterin/02 interactions and reactivity. Complex 2 is 
not sensitive to dioxygen, and further studies will focus upon 
variation of the 6-substituted chelate group and, more importantly, 
generation of reduced dihydro and/or tetrahydropterin-copper 
complexes. 
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Figure 1. ORTEP diagram of the cationic part of the complex, [Leu"- 
(CI)](PF6)(NaPF6).3CH3cN, showing the atom labeling scheme. Se- 
lected bond lengths (angstroms) and angles (deg) are as follows: Cu-N4, 
2.129 (8); C U - N ~ ,  2.328 (3); C U - N ~ ,  1.985 (7); C U - N ~ ,  2.019 (8); 
CU-Cl, 2.296 (3); NeCu-NS,  78.8 (3); N4-Cu-N6, 87.3 (3); N 4 - c ~ -  
N7,94.7 (3); N ~ C U - C I ,  151.6 (2); N5-Cu-N6, 88.7 (3); NS-CU-N~, 
94.6 (3); NS-Cu-Cl, 128.7 (2); NbCu-N7,  176.4 (3); N6-CuC1, 86.7 
(2); N7-Cu-C1, 90.2 (2). 

especially in organic solvents.12 This was accomplished by placing 
an R group in a position which would not be likely to affect Cu/02  
chemistry. Here, we describe the synthesis of a new class of pterin 
compounds, which give the desired highly soluble ligands and 
copper ion complexes possessing N 5  coordination. A chloro- 
copper(I1) derivative has been structurally characterized. Also, 
the first copper(1)-pterin complex has been isolated, and it can 
be reversibly oxidized to a Cu(I1) species. 

Pivalic anhydride was used to acylate13 the 2-amino group of 
6-methylpterin,14 and bromination (NBS, acetic acid) gave a 
6-(bromomethyl)pterin, to which a variety of chelate groups could 
be readily attached.I5 We first reacted bis[2-(2-pyridyl)- 
ethyllamine (PY2),I6 affording gram quantities of L (Scheme I) 
after column chromatography on silica gel (CH2C12/MeOH, 

The pterin ligand L was reacted with cupric chloride, and after 

3CH3CN (1) was is01ated.I~ This was amenable to X-ray 
crystallographic a n a l y ~ i s , ' ~ J ~  and the structure (Figure 1) con- 

(1 1) Pfeiderer, W. In Folates and Pterins: Blakley, R. L.; Benkovic, S. 
J., Eds.; John Wiley & Sons: New York, 1985; Vol. 2, pp 43-1 14. 
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temperature solution studies of unstable intermediates, an approach which has 
been found to be very useful in the characterization of Cu202 complexes 
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such as those obtained by reaction of the 6-(bromomethy1)pterin with bis- 
[2-(2-pyridyl)ethyl]amine,I6 bis(2-pyridylmethyl)amine, and 2-[2-(methyl- 
amino)ethyl] pyridine. 

(16) (a) Nelson, S. M.; Rodgers, J. Inorg. Chem. 1967, 7, 139C-1395. (b) 
Romary, J. K.; Zachariasen, R. D.; Garger, J. D.; Schiesser, H. J.  Chem. Soc. 

(s, 1 H), 7.55 (m, 2 H), 7.10 (m, 2 H), 7.02 (d, 2 H), 4.03 (s, 2 H), 3.05 (t, 
4 H), 2.95 (t, 4 H), 1.35 (s, 9 H). UV/vis [CH3CN, A,-, nm (e, M-I cm")]: 
278 (1570), 329 (750). FAB mass spectrum (m/ z ) :  487 (M + H)+. 

(17) Compound 1 loses acetonitrile solvate upon evacuation. Data for 

(6600), 640 (190), 914 (90); IR (Nujol, cm-I) 3650, 3450 (br), 3250 (br), 
1680, 1620, 1580,840 (PF,); molar conductivity (DMF) 155.40 CP cm2 mol-'; 
I I . ~  (room temmrature) = 1.86: FAB mass SDectrum ( m / z )  584 ICuLC11.549 

9: 1). 16b 

addition Of NaPF,, a blue complex [LcU(cl)] (PF,)(NaPF,)* 

C 1968,2884-2887. (c) 'H NMR (400 MHz) (CDCl3): 6 8.48 (d, 2 H), 8.43 

[LCU(CI)](PF6)(NaPF6) (1): UV/vis [CHpCN, &, nm (e, M-' cm-I)] 345 

. ... . 
[CULI. Anal.' Calcd for C26Zi29C1CuF,2N'sNa02P2': C,'34,7i; H, 3 i 3 ;  N, 
12.48. Found: C. 34.32: H. 3.57: N. 12.39. 

(18) X-ray quality crystals of [icu(cl)](pF6)(NaPF6).3CH3CN (1) were 
obtained by recrystallization from CH3CN/Et20. The complex crystallizes 
in the monoclinic s ace group, P2,/n, with a = 15.301 (3) A, b = 12.520 (4) 
A, c = 22.781 (4) 1 , B  = 95.15 (2)O, V =  4346 (2) A', and Z = 4. A Rigaku 
AFCSS diffractometer was used in the o scan mode to collect 8058 unique 
reflections, of which 2818 reflections with F, 2 6u1FoI were used in the solution 
and refinement. The positional parameters of the copper atom were deter- 
mined by direct methods. The remaining non-hydrogen atoms were located 
on subsequent difference Fourier maps. The structure was refined to the 
current residual values of R = 0.064 and R,  = 0.062 (Mo Ka, A = 0.710 73 
A). 

(19) Supplementary material. 

(20) (a) Data for [LCU](PF6) (2): 'H NMR (400 MHz) (CD2C12) 6 8.90 
(d+s, 3 H), 7.75 (m, 2 H), 7.30 (m, 4 H), 4.2 (s, 2 H), 2.8 (m, 2 H), 2.95 
(m, 2 H), 3.10 (m, 2 H), 3.35 (m, 2 H), 1.4 (s, 9 H); UV/vis [CH3CN (Ar), 
A,,, nm (e. M-' cm-I)] 324 (9500), 470 (3100); IR (Nujol, cm-I) 3200 (br, 
NH), 1680, 1620, 1570, 840 (PF,); molar conductivity (DMF) 78.0 R-' cm2 
mol-'. Anal. Calcd for C26H29C~F6N802P C, 44.97; H, 4.48; N, 16.09. 
Found: C, 44.98; H, 4.18; N, 16.14. (b) The downfield shift of the pterin 
C-7 proton is consistent with Cu(1) coordination to the pterin. 

(21) Data for [LCU](CF,SO,)~ (3): UV/vis [CH3CN, A,,,, nm (e, M-' 
cm-I)] 345 (6560), 630 (120), 870 (80); IR (Nujol, cm-I) 3400 (br, NH), 
1660, 1620, 1560, 1250 (CFpSO,); mass s ectrum (m/ z )  549 [CuL]; molar 
conductivity (DMF) 170.40 R" cm2 mol' ; EPR [DMF (77 K)] g,  = 2.24, 
All = 156 X lo4 Cm-', g ,  = 2.02. Anal. Calcd for C2gH3&uF,N862S2: c ,  
39.63; H, 3.42; N,  13.21. Found: C, 39.41; H, 3.87; N, 12.99. 

(22) For example, the Cu(1) complex 2 and Cu(I1) species 3 are quite 
soluble in solvents such as MeOH, CH3CN, CH2C12, THF, and CHC13. 
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