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k-,[Ru3+] > k2[H+I2, the constant klk2/k-l, and hence k-,/k2, 
can be determined. Since K = kl/k-l, we calculate k-l = 2.6 X 
lo5 M-I s-I. With k-l/k2 = 4.6 X M, then k2 = 5.6 X lo7 
M-I s-I. This acid solvolysis k2 is in the range of the 2 X lo8 M-2 
S-I found from the Pd/C-produced Mn"-TPPS and is in better 
agreement with a k2 of 4.5 X lo7 M-2 s-' f ound by Neta and 
Morehouse,28 who generated Mn"-TPPS by pulse radiolysis of 
aqueous 10% isopropyl alcohol/N20-sat~rated solutions of 
Mn"'-TPPS. 

The reduction potential of MnlI1/"-TAP is -0.15 V vs. NHE,29 
and thus K = 2.3 X 10-4 for the Ru(NH3);+/Mn"LTAP reaction. 
Since kl = 33 M-' s-l, k-, = 1.4 X lo5 M-' s-l , a nd with k-,/k2 
= 5.5 X lo3 M, k2 = 2.5 X lo7 M-2 s-l. This acid solvolysis k2 
for the formally tetrapositive MnlI1-TAP at Z = 0.3 is similar to 
that of the formally tetranegative MnIILTPPS. This is expected 
in that, a t  Z = 0.5, zinc porphyrin acid solvolysis reactions of the 
oppositely charged Zn-TAP4+ and Zn-TPPS4- complexes have 
approximately equal rates.30 As the ionic strength decreases, 
however, the Zn-TPPSe/H+ solvolysis rates become much faster 
than those of Zn-TAP"+/H+, in line with the Bransted-Bjerrum 
equation. 

The Marcus equatiodl can be used to calculate the self-ex- 
change rate constants, k,,, for the Mnlll/ll-porphyrin studied. 
Taking the R u ( N H & ~ + / ~ +  self-exchange rate contant (k, as 
3 x 103 M-, s-1 (25 OC, Z = 0.1),27 we calculate k22 = 3.2 X lo3 
M-' s-l for Mn"'/'LTPPS and 2.6 X lo3 M-I s-' for Mnnl/LTAP. 
A reduction potential of -0.010 V vs. NHE, which is independent 
of pH between 5 and 10, has been found32 for Mn1"/'LTMPyP(4), 
and the same number is assumed for the protonated manga- 
nese(III/II) tetrakis(4-pyridy1)porphyrin in acid.33 An oxidation 
potential for the V(H20)62+/3+ couple of +0.230 V has been 
reported,27 with a corresponding self-exchange rate constant k22 
= 1.5 X 1V2 M-' s-I. With use of an average value for k22 of 
2.9 X lo3 M-I s-I for a Mn"'/"-porphyrin, the predicted cross 
reaction (kI2)  rate constant for the presumed outer-sphere V- 
(H20)62+/Mn111-TPyP(4) reaction is 390 M-I S I .  This value is 
within a factor of 3 of the 145 M-l s-l observed earlier.7 Thus, 
k22 appears to be relatively independent of the water-soluble 
manganese(III/II) porphyrin type, and similar conclusions have 
been reached for related cobalt(III/II)  porphyrin^.^^ 

For the Ru(NH3);+/Co1"-TMPyP(4) reaction, Pastemack and 
c o - w ~ r k e r s ~ ~ , ~ ~  found a k2, for CO"' / '~-TMP~P(~)  of 20 M-' s-l, 
close to the value of 21 M-I s-l for C ~ ( p h e n ) ~ ~ + / ~ + .  From the 
RU(NH~)~~+/F~"I-TMP~P(~) r e a ~ t i o n , ' ~  k22 = 1.2 X lo6 M-I 
s-l for high-spin H20-Fe111/11-TMPyP(4), >lo7 M-I s-I for low- 
spin bi~(imidazole)-Fe'~'/~'-TMPyP(4), and 2 lo9 M-I s-' for the 
low-spin HO-Fe"'/"-TMPyP(4). The last two Fe"'/"-porphyrin 
low-spin values were noted15 to be in the range of 3 X lo8 M-' 
s-l for F e ( ~ h e n ) ~ ~ + / ~ + ,  suggesting that electron transfer in low-spin 
porphyrin derivatives proceeds through the porphyrin A system.36 

S-I for C ~ ( e n ) ? + / ~ + ? ~  and 1.1 M-' S-I for35 Fe(H20)2+/3+.35 The 
ratios of the self-exchange rate constants for the MI1'/" porphyrins 
to those of the saturated ligand complexes are 1 X lo7 for man- 
ganese, 3 X lo5 for cobalt, and 1 X lo6 for iron. One thus sees 
an increase in exchange rates of ca. lo6 when the metal ion moves 
from a hard environment into the soft porphyrin center. 

kll = 3 X lo4 M-I S-' for 37 7.7 X M-I 
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The assignment of proton resonances in heterocyclic ligands 
in coordination compounds is complicated by the variety of effects 
the metal ion can have on the ligand chemical shifts. Also, the 
assignment of closely related structural isomers by other than 
X-ray structure determinations is uncertain, at best. In this report 
we demonstrate the use of specific deuterium substitution effects 
on Tl's of ligand protons and interligand nuclear Overhauser 
effects (NOE) in making resonance and isomer assignments. 

Proton resonances in nitrogen-containing heterocyclic ligands 
in metal complexes may be affected by a number of factors, 
including changes in electron density in the ligand due to a-bond 
or d r-bond interactions, specific solvent-substrate interactions, 
changes in ligand magnetic anisotropy upon complex formation, 
paramagnetic anisotropy resulting from the temperature-inde- 
pendent paramagnetic moment of the metal ion, anisotropic effects 
of the metal-ligand bond, and ligand proton-metal ion nucleus 
spin-spin interactions. The likely relative importance of these 
different factors has been discussed by Foust and Ford.' 

Imidazole complexes of (NH3)5C03+(A5C03+) have been studied 
as models for histidine complexes in biological  system^,^^^ and 
complexes of substituted imidazole have been prepared and 
characterized! The assignment of resonances and isomers in these 
complexes is ambiguous, unless a specific isotopic substitution is 
made or an X-ray structure is available. We report here T ,  and 
NOE results for nine imidazole complexes and one histidine 
complex from which unequivocal resonance and isomer assign- 
ments can be made. 
Experimental Section 

' H  N M R  spectra were obtained at 200.068 MHz on a Nicolet NT- 
200 spectrometer. T,'s were measured by using a standard inversion 
recovery sequence, 180-s-90-acq~ire.~ The Tl's were first estimated 
by obtaining a null point and T values chosen to obtain an appropriate 
range of data points. The data were fit by a nonlinear least-squares 
program from the Nicolet 1180 software (DR-T,-IR). 

Nuclear Overhauser effects were,obtained by comparing spectra with 
an F2 frequency off-resonance to one with an ammine resonance of in- 
terest irradiated. Sufficient power was used to saturate the ammine 
resonance. The integrated areas of the peaks were compared or differ- 
ence spectra obtained. 

For NOES and Tl's of protonated forms, the complexes were dissolved 
in 1 M DCI. Under this condition the N-H exchange is slow. For T,'s 
of deuterated forms, the complex was dissolved in D 2 0  and allowed to 
stand until all of the N-H had exchanged. Then, sufficient concentrated 
DCI was added to make the solution 1 M. No attempt was made to 
exclude air or to purify D 2 0  or other reagents. 

Chemical shifts are reported on the 8 scale relative to internal 3- 
(trimethylsily1)propionate. T I  values on duplicate measurements were 
reproducible to f O . l  s. 

'To whom correspondence should be addressed at Howard University. 
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Table I. Structures of the Compounds Studied 

Notes 

1 
2 
3 
4 
5 
6 
7c 
8 
9 
1 Od 

(NH,), Co3+ H H H 

(NH,),Co3+ CH, H H 
(NH, 1, CO ,+ H H CH, 
(NH3)$Co3+ H H H 
(NH , ) Co ,+ CH, CH, H 
cis-(en),C1C02' H H H 
cis-(en),C1C02+ H CH, H 
cis-(en),ClCo'+ H H CH, 
enCl(His)Co' H H H 

(NH,),Co3+ H CH, H 
H 
H 
H 
H 

H 
H 
H 
H 
CH,CH- 

CH, 

a 

R , 3 N R 3  
L d  
R s  R 4  

In the following tables the a series of numbers will refer to N-H, 
the b series of numbers to N-D, exchanged in solvent D,O at 
neutral pH and adjusted to 1 M DCI. en = ethylenediamine. 

His = histidine; see ref 6 for structure. 

Table 11. T ,  Values for Ligand Protons in Imidazole and 
Histidine Complexes 

compda R Z b  R, R, R,  
l a  2.62 NRC 5 . 5 5  1.96 
l b  9.02 NR 5.56 4.73 
2a 1.69 1.21 3.64 1.79 
2b 3.51 1.32 3.29 3.85 
3a 1.08 NR 4.48 1.13 
3b 1.32 NR 4.06 3.13 
4a 2.10 NR 1.15 1.58 
4b 6.35 NR 1.22 3.93 
5d 1.37 NR 5.37 0.94 
5b  5.43 NR 5.04 1.08 
6a 0.88 0.78d 2.46 1.01 
6 b  1.13 1.00 2.58 3.04 
7a 1.86 NR 4.34 1.12 
7b 5.75 NR 4.53 3.05 
8a 1.33 1.03 2.86 1.12 
8b 2.54 1.03 2.72 2.52 
9a 1.57 NR 0.87 0.99 
9b 3.01 NR 0.89 2.03 
10a 1.57 NR 4.48 0.41 (A), 0.32 (B),0.78 (X) 
10b 3.75 NR 4.69 0.40 (A), 0.35 (B), 1.65 (X) 

a See Table I for structures. T I  values in s. NR = no 
resonance. 
resonance. 

Uncertain due to overlap with the trans ammine 

The ASCo3+ imidazole complexes were prepared by the method of 
Harrowfield et and crystallized as either the chloride or perchlorate 
salt. The C ~ ( e n ) ~ C l ( I m ) ~ +  and C~(en)~Cl(His)  complexes were prepared 
by the method of Brodsky et aL6 

Results 
Table I gives the structures of the compounds studied. In all 

cases the nitrogen coordinated to the metal ion is designated N-1; 
thus, protons or substituents a t  positions 2 and 5 are adjacent to 
the ammine ligands in the octahedral coordination sphere of the 
Co(II1). 

In Table I1 we present the T ,  values for the ligand protons in 
the complexes with protonated ammine ligands (a series) and the 
parallel series with deuterated ammine ligands (b series). Note 

Foust, R. D.; Ford, P. C. J.  Am. Chem. SOC. 1972, 94, 56865696. 
Harrowfield, J. M.; Norris, V.; Sargeson, A. M. J.  Am. Chem. SOC. 
1976, 98, 7282-7289. 
Rowan, N. S.; Storm, C. B.; Rowan, R. J .  Inorg. Biochem. 1981, 14, 
59-65 _ _  
Hoq, M. F.; Johnson, C. R.; Paden, S.; Shepard, R. E. Inorg. Chem. 

Fukushima, E.; Roeder, S. B. W. "Experimental Pulse NMR", Addi- 
1983, 22, 2693-2700. 

son-Wesley: Reading, MA, 1981; p i69. 
Brodsky, N. R.; Nguyen, N. M.; Rowan, N. R.; Storm, C. B.; Butcher, 
R. J.; Sinn, E. Inorg. Chem. 1984, 23, 891-897. 

Table 111. Nuclear Overhauser Effects Observed on  Imidazole 
Ligand Protons from Irradiation of Ammine Protons 

freq 
compd" R2b R, R, R,  irradiatedC 

1 + NR 0 + 3.79 
2 + 0 0 + 3.77 
3 + NR 0 + 3.89 
4 + NR 0 + 3.77 
5 + NR 0 + 3.92 
6 + 0 0 + 3.86 
7 + NR 0 + 4.31 

+ NR 0 + 4.66 
+ NR 0 + 4.95 
+ NR 0 + 5.84 

8 + 0 0 t 4.30 
4.66 0 0  0 0 

0 0 0 0  4.90 
+ 0 0 + 5.82 

9 + NR 0 + 4.24 
0 NR 0 0 4.62 
0 NR 0 0 4.92 
0 NR 0 0 5.78 

+ NR 0 O,O,+d 6.04 
O,O,+d 6.46 + NR 0 

Chemical shift in 6 of irradiated NH. 

10 + NR 0 O,O,Od 5.54 

" See Table I for structures. 
NR = no resonance. 

A, B, X values. 

+ = positive NOE; 0 = no NOE; 

Table IV. Chemical Shifts of Ligand Protons in Cobalt(II1) 
Imidazole and Histidine Comolexes 

compd" R Z b  R, R, R, NH 

1 
2 
3 
4 
5 
6 
7 

8 

9 

10 

8.14 NRC 7.46 
8.02 3.86 7.38 
2.48 NR 7.31 
7.97 NR 2.31 
7.90 NR 7.11 
2.43 3.71d 7.30 
8.29 NR 7.41 

8.19 3.85 7.34 

8.12 NR 2.31 

8.14 NR 7.23 

7.14 
7.08 
6.84 
6.80 
2.21 
6.79 
7.30 

7.24 

6.97 

3.25 (A)e 
3.68 (B) 
4.08 (X) 

3.79 
3.77 
cis 3.89, trans 3.70 
3.77 
cis 3.92, trans 3.70 
cis 3.86, trans 3.71 
5.84,4.95, 4.66, 

5.82, 4.90,4.66, 

5.78,4.92, 4.62, 

6.46, 6.04, 5.54 

4.31 

4.30 

4.24 

a See Table I for structures. Chemical shift in 6 .  NR = no 
resonance. Overlaps with trans NH. e JAB = -17.6 HZ, f A X  = 
5.28 Hz, JBX = 2.64 Hz. 

that in each pair there are imidazole ligand resonances that have 
much longer T,'s when the adjacent ammine ligands are deu- 
terated. 

In Table I11 we summarize the results of the NOES observed 
on imidazole ligand protons resulting from irradiating the ammine 
protons. Note that positive NOEs are obtained for those reso- 
nances that show large changes in Ti's when the ammine protons 
are exchanged for deuterium. The NOE's obtained ranged from 
8% to 35%. As the solutions were not degassed and no attempt 
was made to'exclude any adventitious metal ion contamination, 
no attempt is made to interpret the NOE's quantitatively. The 
NOEs are simply reported as positive (+) or zero (0). 

In Table IV the chemical shift assignments are given for the 
10 complexes studied in this report. The assignments are based 
on the T ,  and NOE effects reported in Tables I1 and 111. 
Discussion 

The substitution of deuterium for a hydrogen removes a dipolar 
relaxation source for other nearby protons and leads to longer T,'s 
for those nearby protons in the substituted molecule.' The 
deuterium-substitution effect on relaxation times (DESERT) has 

(7) Reference 5 ,  p 154. 
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been used to determine intranuclear distances and molecular 
conformations.8 

We have previously assigned the resonances in the A5CoImH3+ 
complex' based on the magnitude of the A6 excursion on depro- 
tonation of the coordinated imidazole. In comparison of the C-4 
and C-5 H excursions, the site closest to the protonation ((2-4 H )  
undergoes the largest excursion. The C-2 H is a t  lowest field by 
a considerable amount, and its assignment can be easily confirmed 
by deuterium exchange prior to complex synthesis.' 

The TI values reported in Table I for compounds 1-6 confirm 
and extend our previous assignment. An isolated proton in the 
C-2 position (compounds 1, 4, and 5) has a longer TI in the 
deuterium-exchanged complex by a factor of 3-4. With an ad- 
jacent methyl group (compound 2) to provide a competitive re- 
laxation source, the T I  at  C-2 H still lengthens by a factor of 2 
in the deuterated ammine complex. The same trend follows for 
the TI values of protons at  the C-5 position (compounds 1-4, and 
6). When the adjacent ammine ligands are exchanged for deu- 
terium, the T1 values are much longer. A similar pattern is also 
reflected in the TI  values of methyl (compound 3, 5, and 6) 
adjacent to ammine ligands. In addition to the dipolar interaction 
with the ammine protons, other relaxation pathways are available 
to the protons of the methyl groups. Thus, the effect is not nearly 
as dramatic as in the more isolated aromatic protons. 

The chemical shifts in compounds 4 and 5 have been assigned 
by Shepard et a1.4 based on an X-ray structure. Our assignments 
are of the same order, although the chemical shifts are slightly 
different due to pH and ionic strength effects. 

The same pattern continues in the bis(ethy1enediamine) com- 
plexes (compounds 7-9), with imidazole protons adjacent to ex- 
changeable ethylenediamine protons having much longer Tl's in 
the deuterium-exchanged complexes. 

In the tridentate histidine complex (compound 10) only the 
proton at  C-2 and the proton at  the a-carbon of the amino acid 
show a large TI change when the ethylenediamine and histidine 
amino protons are exchanged for solvent deuterium. This is 
consistent with the previously reported X-ray structure.6 

Protons that are spatially close and interact by a dipolar re- 
laxation mechanism show an enhancement of intensity in one peak 
when the other is saturated; the nuclear Overhauser effect.8 The 
N O E S  presented in Table I11 follow the TI trends in Table 11. 
In each case where a TI lengthened on deuterium exchange of 
the ammine ligand protons, a NOE is observed on irradiation of 
the ammine ligand protons. A comparison of the tables shows 
that either method can be used to assign resonances or isomers. 

The NOE results for the ethlenediamine complexes (compounds 
7-9) are surprisingly different. Although the N H  resonances have 
quite similar chemical shifts, substantiating that these are all cis 
complexes, the NOE's to ligand imidazole protons are quite se- 
lective. One possible explanation is that the methyl imidazoles 
have different conformational rotamer populations than unsub- 
stituted imidazole. The details of NOE's in these complexes will 
be the subject of a future study. 
Conclusion 

The Tl's and NOE's reported here result in unambiguous as- 
signments of proton resonances and linkage isomers in Co(II1) 
complexes. The methods should be general and apply to other 
ligands such as pyrazines, tetrazoles, and pyridines and other 
diamagnetic, exchange-inert metal centers such as Ru(II), Os(II), 
Pt(II), Pt(IV), Pd(II), and Pd(1V). Two-dimensional N M R  
techniques relying on the NOE (NOSEY)l0 can also be used to 
make the assignments. I3C assignments can be made from the 
proton assignments by using single-frequency off-resonance de- 
coupling or a two-dimensional heteroscalar-correlated I3C{'H) 
NMR spectra.I0 The method should also have potential for ligand 
assignment and N H  resonance assignment in metalloproteins. 
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ademic Press: New York, 1971. 

(10) Benn, R.; Gunther, H. Angew. Chem., Int. Ed. Engl. 1983,22,350-380. 
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Although alkyl and aryl isocyanides and their transition-metal 
complexes have been known for a long time and have been studied 
extensively: very little is known about isocyanides bearing strong 
electron-withdrawing groups, especially perfluoroalkyl or -aryl 
groups. The availability of an efficient method for preparing 
trifluoromethyl isocyanide' has led to studies of this m ~ l e c u l e , ~  
including its ligand behavior. The IR spectra of the complexes 
(CF3NC)M(CO), (M = Cr, W)5 indicate that CF'NC is a strong 
P acceptor ligand. The PE spectra6 and XPS spectra7 of (CF3- 
NC)Cr(CO)5 confirm this result. Since the structure of the 
CF'NC ligand provides direct information on the P acceptor 
properties of this ligand? we have studied the gas-phase structure 
of the chromium complex by electron diffraction. Our prime 
interest in this study is the geometry of the CF3NC group. 

The scattering intensities have been recorded with the Balzers 
gas diffractograph KD-G29 at  two camera distances (25 and 50 
cm) and an accelerating voltage of about 60 kV. The sample was 
kept a t  35 OC during the experiment (mp 26 "C), and the inlet 
system and nozzle were kept a t  40 "C. The pressure in the 
diffraction camera was about lo6 torr. Two plates for each 
camera distance were evaluated by the usual procedures,1° and 
the averaged molecular intensities are presented in Figure 1. 

A preliminary structural model was derived from the analysis 
of the radial distribution function (Figure 2). For a linear CNCF, 
ligand a strong peak around 5.1 A, corresponding to the three 
Cr ... F distances, is expected. Such a strong peak, however, is not 
observed in this distance range, indicating a bent CNCF, structure. 
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