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4-Nitroso-N,N-dimethylaniline is used as a test for the presence 
of transition metals in water.  Solutions containing only the free 
ligand are green whereas solutions containing the complexed ligand 
are usually purple. There a r e  several modes of binding of the 
R N = O  ligands to  transition metals that have either been observed 
or proposed. Oxygen-binding metal complexes of arylnitroso 
ligands are t o  d a t e  a rare occurrence. Dichlorobis(nitroso- 
benzene)palladium( 11) is square planar and the RN=O ligands 
are nitrogen b ~ n d e d . ~  Dichlorobis(4-nitroso-N,N-dimethyl- 
aniline)cobalt(lI) is tetrahedral, and it was reported by Sams and 
Doedens t h a t  t h e  RN=O l igands were also nitrogen b ~ n d e d . ~  
The only reported example of an oxygen-bound arylnitroso ligand 
is in di~hlorodimethylbis(4-nitroso-N,N-dimethylaniline)tin(IV),~ 
which is octahedral. 

At tempts  have been made to develop criteria by which oxygen 
and  nitrogen bonding of RN=O ligands might be differentiated 
by I.R. s p e c t r o ~ c o p y . ~ . ~  This study of t h e  zinc(I1) complex was  
under taken  t o  investigate the  basis of the color change ,  the co- 
ordination geometry of the zinc a tom,  the binding mode of t h e  
arylnitroso l igand, and criteria for t h e  differentiation between 
oxygen and nitrogen bonding of RN=O ligands from IR spec- 
troscopic d a t a .  
Experimental Section 

Startng Materials. 4-Nitroso-N,N-dimethylaniline for the IR studies 
was prepared by using the procedure of ref 6 followed by washing the 
crystal with cold diethyl ether. All reagents and solvents used were 
commercially available and subjected to simple drying or distillation as 
appropriate. 

Preparation of the Complex. A solution of ZnC12 (1 1.0 mmol) in 
ethanol (50 mL) was mixed with the ligand (22.1 mmol) in ethanol (50 
mL) and heated on a hot plate. The crimson crystals separated after the 
solution was heated and reduced to a small volume. The materials was 
then stirred several times in ether and dried in vacuo over CaCI2. The 
procedure yielded dark red crystals of ZnC12[(CH9)2NC6H4NO]2. 

For the X-ray work 4-nitroso-N,N-dimethylaniline was obtained from 
Aldrich Chemical Co., Inc., and was purified by recrystallization from 
anhydrous ether. Dichlorodimethylbis(4-nitroso-N,N-dimethylaniline)- 
tin(1V) for the IR studies was obtained by using the procedure of ref 5. 

Collection and Reduction of X-ray Data. The crystal chosen for data 
collection had I O  faces and had approximate dimensions 0.32 X 0.16 X 
0.31 mm and a measured density (flotation) of 1.54 g cm-). Crystal data 
are summarized in  Table 1. 

Data collection was carried out on a modified Picker FACSI dif- 
fractometer controlled by the NRCC diffractometer system' using gra- 
phite-monochromated Mo Ka radiation. Lattice parameters were also 
determined at 295 K by using 104 reflections ( 5 O  i 28 I 48'). The 8/28 
scan mode was used to collect 3306 independent reflections, 0 I h I 16, 
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Figure 1 .  ORTEP drawing of the molecular structure with the atomic 
numbering system for dichlorobis(4-nitroso-N,N-dimethylaniline)zinc(II). 
Hydrogen atom labeling has been omitted for clarity. 

Table I .  Crystallographic Data for 
Dichlorobis(4-nitroso-N,N-dimethylaniline)zinc( 11) 

ZnC12[(CH,)2NC6H4NO]z M ,  = 436.65 
a = 14.263 (6) 8, 
b = 28.848 (8) 8, 
c = 9.156 (3) 8, 
V = 3767 (3) 8,' 
2 = 8  
R(FJ = 0.049 
R,(F,,) = 0.028 

space group: Pbca 
T = 295 K 
X = 0.71069 8, 
pobs = 1.54 (1) g cm-' 
pale = 1.539 g cm-) 
p = 16.4 cm-' 
transm coeff = 0.641-0.774 

0 i k i 34, and 0 i 15 10 (3' i 20 5 SO'), of which 2236 ( I  > 2 4 0 )  
were used in the refinement. 

Structure Solution and Refinement. Lorentz and polarization and 
absorption corrections, using the Gaussian method, were applied. The 
structure was solved by direct methods. Full-matrix least-squares re- 
finement with the non-hydrogen atoms anisotropic and hydrogen atoms 
isotropic, using the X-RAY 76 programs,s gave an R value of 0.050 and 
an R, value of 0.060 using the 2236 independent reflections with I > 
2 4 0  and weights calculated as U ( F ) - ~ ,  where o(F) is based on counting 
statistics and instrument instability. Further refinement (with modified 
weights9,10 using X T A L I I  gave R = 0.049 and R, = 0.028. Anomalous 
scattering factors for Zn and CI were taken from ref 12. Atomic pa- 
rameters are given in Table I1 and bond distances and angles are given 
in Table 111. 

Collection of IR Data. All infrared spectral data were collected by 
using KBr disks and a Perkin-Elmer FT-IR 1600 Series spectrophotom- 
eter. 
Results and Discussion 

A n  ORTEP d iag ram of the molecular s t ruc ture  of dichlorobis- 
(4-nitroso-N,N-dimethylaniline)zinc(II) and its numerical labeling 
are shown in Figure 1. 

IR spectral data for the free ligand, the title compound, the 
Sn complex, which has  oc tahedra l  coordination, and PdCI,[(C- 
H3)2NC6H4N0]2,16 which has  square-planar coordination, a r e  
given in Tab le  IV. Binding of t h e  arylnitroso l igands with the 
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Zn complex is via the nitroso oxygen atom, as is the case for the 
Sn comple~;~  the Co complex, which has tetrahedral coordination! 
is bonded via the nitroso nitrogen atom. The Pd complex is also 
bonded through nitrogen. 

The structure of the free 4-nitroso-N,N-dimethylaniline ligand 
is di~ordered, '~  as is that of the equivalent diethyl compound.I4 
The latter structure was determined at  -165 OC and is more 
accurate even though it contains two independent molecules in 
the asymmetric unit. 

The changes in bond lengths from the free ligand to the com- 
plexed ligand are generally marginally larger than the esd's and 
show a trend toward the quinoid structure, which is presumably 
associated with the change in color upon complexation. The largest 
changes are for the N=O (+0.070 A) and C-N (-0.075 A) 
bonds for the compound reported here. 

Several modes of binding of RN=O ligands to transition 
metals, such as monodentate N binding, a bridging configuration 
involving both of the nitroso atoms, N,O chelate binding and 
monodentate 0 binding have either been observed or proposed. 
Monodentate 0 binding was proposed in the tetrahedral structure 
C O C ~ ~ [ ( C H ~ ) ~ N C ~ H ~ N O ] ~ ~  but upon investigation, this structure 
showed monodentate N binding to be present rather than the 
proposed 0 binding. The u(N=O) assignment in this cobalt 
complex is 1499 

This slightly lower nitroso stretching frequency, relative to the 
free ligand u(N=O) (1528 cm-l, KBr disk), is consistant with 
the small observed changes in ligand geometry that accompany 
metal coordination. A comparison of the IR spectra of 4- 
nitroso-N,N-dimethylaniline (free ligand) and dichlorobis(4- 
nitroso-N,N-dimethylaniline)zinc(II) showed a similar shift, and 
decrease in intensity, in the nitroso stretching frequency from 1528 
cm-' (free ligand) to 1498 cm-l (complexed ligand). 

An absorption present a t  1564 cm-l in the Zn complex is as- 
signed to the u(C-C) vibration associated with the phenyl ring 
participating in extended conjugation. This same absorption is 
present in 4-nitroso-N,N-dimethylaniline, 4-nitroso-NJV-di- 
ethylaniline, and their corresponding Zn and Pd complexes,I6 all 
to within 10 cm-]. This absorption is also present in dimethyl- 
aniline16 (1570 cm-I) in which no u(N=O) is possible, suggesting 
an error in the original assignment of a peak at  1560 cm-' in the 
Sn complex to u(N=O).~ It would seem more likely that a peak 
at 1501 cm-l in the Sn complex is due to u(N=O) and the peak 
at 1560 cm-' should be assigned to u(C-C). It is likely that the 
absorption at  1560 cm-' is shifted as a result of the phenyl ring 
conjugation being extended as compared to dimethylaniline and 
diethylaniline, in which only the dialkylamino nitrogen is present 
to extend conjugation. 

Correlation charts of N - 0  bond distances and wavenumbers 
(8) of the w(N=O) mode predict an IR absorption at  approxi- 
mately 1380 cm-' for the w(N=O) vibration in 4-nitroso-N,N- 
dimethylaniline." The infrared spectrum of this compound shows 
two medium-strong absorptions near this value, one at 1398 cm-' 
and the other at 1366 cm-l. When complexing to the zinc atom 
through the nitroso oxygen takes place, the w(N=O) vibration 
should shift to a much lower wavenumber if this wagging vibration 
remains. Yet, upon complexation to the zinc atom, neither of these 
peaks shifts more than 5 cm-', suggesting an error in the as- 

Table 11. Positional Parameters and Equivalent Isotropic 
Temperature Factors for Non-Hydrogen Atoms 

atom X Y 2 u,,,, A2 

Zn 
CII 11 

Table 111. 

0.17930 (3) 
0.28242 (7) 
0.1 109 (2) 
0.0381 (2) 

-0.0044 (3) 
-0.0810 (3) 
-0.1254 (3) 
-0.0936 (2) 
-0.0185 (3) 

-0.1320 (2) 
-0.1017 (5) 
-0.21 13 (3) 

-0.0246 (3) 

0.23825 (8) 
0.0812 (2) 
0.0981 (2) 
0.0354 (2) 

-0.0429 (3) 
-0.1038 (3) 
-0.0900 (2) 
-0.0105 (3) 

0.0486 (3) 
-0.1496 (2) 
-0.2348 (3) 
-0.1376 (4) 

0.11534 (1) 
0.08828 (4) 
0.06066 (9) 
0.0736 (1) 
0.0394 ( I )  
0.0523 (2) 
0.0225 ( I )  

-0.0244 (1) 
-0.0387 ( I )  
-0.0077 ( I )  
-0.0540 ( I )  
-0.1020 (2) 
-0.0413 (2) 

0.15409 (3) 
0.14865 (9) 
0.1928 ( I )  
0.2153 ( I )  
0.1951 (2) 
0.2214 ( I )  
0.2705 ( I )  
0.2905 (2) 
0.2636 (4) 
0.2969 ( I )  
0.2777 (2) 
0.3468 (2) 

0.46888 (4) 
0.3069 ( I )  
0.5507 (3) 
0.6269 (3) 
0.7017 (4) 
0.7890 (4) 
0.8789 (4) 
0.8890 (4) 
0.7948 (4) 
0.7053 (4) 
0.9840 (3) 
0.9941 (6) 
1.0743 (2) 
0.6592 ( I )  
0.3552 (3) 
0.3383 (3) 
0.2556 (4) 
0.1821 (4) 
0.1050 (5) 
0.0924 (4) 
0.1641 (4) 

0.0173 (3) 3.3 (2) 
-0.0477 (7) 5.3 (3) 

0.048 (5) 4.3 (3) 

0.2402 (4) 4.1 (3j  

3.34 (2) 
4.84 (6) 
4.1 (2) 
3.9 (2) 
3.2 (2) 
3.6 (3) 
3.7 (3) 
3.0 (2) 
3.5 (3) 
3.7 (3) 
3.4 (2) 
4.8 (4) 
4.7 (3) 
4.87 (7) 
4.2 (2) 
3.8 (2) 
3.4 (2) 
3.6 (3) 
3.6 (3j  
3.2 (2) 
3.8 (3) 

Bond Lengths (A) and Angles (dea) 
Z n C I ( 1 )  
Zn-O( l )  
O ( l l ) - N ( l l )  
N(I1)-C(II)  
C(ll)-C(12) 
C(  12)-C( 13) 
C(13)-C(14) 
C(14)-C(15) 
C(  15)-C( 16) 
C(  16)-C( 1 I )  
C (  14)-N( 1 2) 
N (  12)-C( 17) 
N (  12)-C( 18) 

CI( I)-Zn-0(21) 
CI( 1 )-Zn-C1(2) 
CI(l)-Zn-O(ll)  
Zn-O(l l ) -N(I l )  
0(1 I)-N(l I ) -C( l l )  
N( I I)-C( 1 I)-C( 12) 
N(II)-C(II)-C(I6)  
C(1 l)-C(I2)-C(l3) 
C(12)-C(13)-C(14) 
C( 13)-C( 14)-C( 15) 
C( 14)-C( 1 5)-C( 16) 
C( 15)-C( I6)-C( 1 1 ) 
C(16)-C(I l)-C(I2) 
C( 13)-C( 14)-N( 12) 
C(15)-C(14)-N(12) 
C(14)-N(l2)-C(17) 
C(14)-N(12)-C(18) 
C(17)-N(12)-C(18) 

2.230 ( I )  
2.001 (2) 
1.305 (4) 
1.345 (4) 
1.403 (4) 
I .350 (5) 
1.427 (5) 
1.435 (4) 
1.350 (5) 
1.421 (5) 
1.337 (4) 
1.454 (5) 
1.447 (4) 

106.54 (8) 
116.47 (5) 
107.14 (7) 
111.3 (2) 
114.9 (3) 
116.5 (3) 
125.5 (3) 
122.8 (3) 
119.7 (3) 
118.0 (3) 
120.7 (3) 
120.8 (3) 
117.8 (3) 
121.1 (3) 
120.9 (3) 
121.8 (3) 
122.0 (3) 
116.0 (3) 

Zn-Cl(2) 2.234 (1) 
Zn-O(2 1 ) 1.991 (2) 
0(21)-N(21) 1.304 (4) 
N(21)-C(21) 1.339 (4) 
C(21)-C(22) 1.429 (5) 
C(22)-C(23) 1.353 (5) 
C(23)-C(24) 1.433 (5) 
C(24)-C(25) 1.432 (5) 
C(25)-C(26) 1.342 (5) 
C(26)-C(21) 1.413 (5) 
C(24)-N(22) 1.333 (5) 
N(22)-C(27) 1.462 (4) 
N(22)-C(28) 1.453 (5) 

CI(2)-Zn-O(l1) 106.63 (8) 
O(ll)-Zn-0(21) 103.51 (9) 
C1(2)-Zn-0(21) 115.50 (7) 
Zn-O(2I)-N(21) 113.8 (2) 
0(21)-N(21)-C(21) 114.6 (3) 
N(21 )-C(21)-C(22) 126.2 (3) 
N(21)-C(21)-C(26) 116.5 (3) 
C(21)-C(22)-C(23) 121.3 (3) 
C(22)-C(23)-C(24) 120.6 (3) 
C(23)-C(24)-C(25) 118.1 (3) 
C(24)-C(25)-C(26) 120.1 (3) 
C(25)-C(26)-C(21) 122.7 (3) 
C(26)-C(21)-C(22) 117.3 (3) 
C(23)-C(24)-N(22) 121.3 (3) 
C(25)-C(24)-N(22) 120.7 (3) 
C(24)-N(22)-C(27) 121.5 (3) 
C(24)-N(22)-C(28) 122.1 (3) 
C(27)-N(22)-C(28) 116.2 (3) 

Table IV. IR Spectral Data for Selected Complexes (from 1600-1 150 

(CH3)2NC6H4N0 ZnCI2[(CH3)2NC6H4NO12 
1603 (s) 
1552 (m) 
1528 (s) 

1445 (m) 
1398 (s) 
1366 (s) 
1337 (s) 
1302 (s) 
1235 (s) 

1610 (s) 
1564 (m) 

1498 (w) 
1458 (w) 
1400 (s) 
1371 (m) 
1341 (m) 
1304 (s) 

cm-I) 

SnC12(CHJ)2[(CH3)2NC6H4No12 PdC12[(CH3)2NC6H4NOl2 
1614 (s) 1608 (s) 
1561 (m) 1558 (s) 

1528 (w) 
1501 (w) 1505 (m) 
1456 (w) 1460 (w), 1445 (w) 
1397 (m) 1408 (m), 1389 (m) 
1370 (w) 1363 (m) 
1335 (s) 1338 (m) 
1302 (s) 1318 (m) 

1230 (w) 
1 I72 (vs) 
1160 (s) 
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signment of w(N=O) vibrations in terminal nitroso compounds. 
Also of interest is a strong IR absorption at approximately 1235 

cm-' for 4-nitroso-N,N-dimethylaniline. When the ligand com- 
plexes to Zn, this peak is no longer present at the previous fre- 
quency and appears to have either been eliminated or has shifted 
into the region of a broad absorption band centered at approxi- 
mately 1150 cm-I. A large shift to lower frequency or an an- 
nihilation of this peak upon complexing would be expected to 
happen to the w(N=O) motion upon complexing through the 
nitroso oxygen. 

At present it appears that no conclusive correlation between 
IR spectroscopy and arylnitroso ligand binding characteristics can 
be assumed. 
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Q-Band Splitting in the Spectra of Heme Proteins 
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The origin of Q-band splitting and line broadening in the 
electronic absorption spectra of certain types of heme proteins 
has remained an unsolved problem, despite having been docu- 
mented for many years.' Recently, we have found that certain 
metalloporphyrin-modified myoglobinsz4 exhibit Q-band splittings, 
and we have performed studies to elucidate the origin of this effect. 
In this paper we first focus attention on the details of the ab- 
sorption spectra of modified sperm whale myoglobin (Mb), noting 
the possible contributors to Q-band perturbation and outlining 
experiments designed to select among these factors. We then 
attempt to explain the general observation of Q(0,O)-band splitting 
in hemes. 

Consider the three major contributors to perturbations in a 
porphyrin absorption spectrum. First, minor changes in both the 
A,,, of the Soret and Q bands, and their relative intensities, can 
arise due to differences in the polarity of the porphyrin environ- 
ment.5 Second, aggregation of porphyrin units6 can lead to shifts 
and line broadening of absorption bands due to dipolar coupling 
between the chromophores.' Third, larger perturbations in both 

( I )  Bartsch, R. G. Methods Enzymol. 1971,23, 344. Hagihara, B.; Sato, 
N.; Yamanaka, T. In The Enzymes; Boyer, P. D., Ed.; Academic Press: 
New York, 1975; Vol. 11, p 549. Meyer, T. E.; Kamen, M. Adu. 
Profein Chem. 1982, 35, 105. Pettigrew, G. W.; Moore, G. R. Cyto- 
chromes c; Springer-Verlag: New York, 1987. 

(2) Axup, A. W.; Albin, M. A.; Mayo, S. L.; Crutchley, R. J.: Gray, H. 
B. J. Am. Chem. SOC. 1988, 110. 435. 

(3) Cowan, J. A.; Gray, H. B. Chem. Scr. 1988, 28A, 21. 
(4) Cowan, J. A.; Gray, H. B. Inorg. Chem. 1989, 28, 2074. 
(5) Gouterman, M. In The Porphyrins; Dolphin, D., Ed.: Academic Press: 

New York, 1978; Vol. 111, pp 15-16. 
(6) White, W. 1. In  The Porphyrins; Dolphin, D., Ed.; Academic Press: 

New York, 1978; Vol. V, p 303. 

0 )  

X (nm) 

Figure 1. Q-band region in the electronic absorption spectra of (a) 
magnesium mesoporphyrin IX dimethyl ester (+ imidazole) in CH2CI2 
and (b) MgMb in p = 0.1 M aqueous sodium phosphate buffer (pH 7.0, 
22-24 "C). The absorbance scales for the spectra are similar but not 
identical. 

Table I. Porphyrin Absorption Spectral Data' 
MP-DME + 

MP-DME PYb MP-diacid/protein 
M X, nm re1 O D  A, nm re1 O D  A, nm re1 OD 

524 0.041 529 0.046 542 0.037 
561 0.070 562 0.032 584 (573 sh) 0.022 

531 0.046 514 0.052 541 0.047 
568 0.066 577 0.040 583 (573 sh) 0.024 

541 0.085 550 0.072 551 0.076 
576 0.066 585 0.031 591 (582 sh) 0.027 

498 0.078 499 0.079 499 0.052 
535 0.161 535 0.161 534 0.172 

511 0.073 511 0.074 510 0.083 
546 0.229 546 0.231 544 0.235 

497 0.084 497 0.084 496 0.080 
531 0.058 531 0.063 532 0.058 
567 0.039 567 0.042 562 0.042 
620 0.028 620 0.030 614 0.030 

537 0.081 538 0.084 537 0.050 
574 0.071 575 0.077 577 (569 sh) 0.031 

Mg 397 1.0 411 1.0 409 1 .o 

Zn 400 1.0 412 1.0 414 1 .o 

Cd 406 1.0 419 1.0 421 1 .o 

Pt 380 1.0 380 1.0 380 1 .o 

Pd 392 1.0 392 1.0 391 1 .o 

Hz 398 1.0 398 1.0 395 1 .o 

Sn 404 1.0 407 1.0 404 1 .o 

'Reference 4. P = mesoporphyrin IX; MP-DME spectra were 
measured in CH2C12 solution; protein spectra were measured in p = 0.1 
M sodium phosphate buffer (22-24 "C). For each metal derivative, 
the peak intensities for the absorption bands are given as a ratio rela- 
tive to the Soret (OD = 1.0). This is to facilitate comparison of data 
for each metal derivative. The ratios are not intended to be used be- 
tween metal derivatives; that is, the Soret bands for the metal Mb 
complexes do not have exactly the same extinction coefficients. 
bMagnesium mesoporphyrin IX was titrated with imidazole in order to 
give a five-coordinate species.'" 

the position of A,,,, and the relative intensities of each of the 
absorption bands, can arise from changes in the coordination 
geometry of the porphyrin (for example, a change from four- to 
five-coordination or a change in the u- or a-bonding character 
of the axial ligand).5 The perturbations observed in the shapes 

(7) Kasha, M.; Rawls, H. R.: El-Bayoumi, M. A. Pure Appl. Chem. 1965, 
11, 371. 
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