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The crystal structure of the complex of 2-mercuri-4-methylphenol and 2-nitroso-4-methyl-
phenol obtained in the modified Millon reaction was determined using three-dimensional X-ray
diffraction data. The complex crystallizes in triclinic system, space group PI, with a unit cell
of dimensions a=10.26 A, 6=22.71 A, ¢=5.61 A, «=97.2°, =93.1°, y=91.1°, containing four

complex molecules.

Each of the two crystallographycally independent complex molecules both

having essentially the same structure, forms a dimer with its nearest neighbor related by a center

of symmetry through a pair of hydrogen bonds.

The mercury atoms adopt a planar four-fold

coordination with nitrogen, carbon and two oxygen atoms.

In the modified Millon reaction of p-cresol with
Hopkins-Cole reagent, three kinds of pigment
(pigment 1, 2 and 3) were produced depending upon
the reaction condition. Pigment 1 is known as a
complex of 2-mercuri-4-methylphenol (MMP) and
2-nitroso-4-methylphenol (NMP).1:2 In order to
determine the structure of the complex, two-dimen-
sional X-ray analysis of pigment 1 was already
carried out by Tamura, Iitaka and Kido® using the
crystal grown from chloroform solution. However,
this crystal contained chloroform as a solvent of
crystallization and was so small and deteriorative
against X-ray irradiation that it was not possible
to determine the structure in three dimensions.
Later, more stable and larger crystals were obtained
from ethanol solutions. The present investigation
was therefore undertaken to elucidate the detailed
spacial structure of the complex molecule by X-ray
diffraction using the new crystals.

Experimental

The crystals of pigment 1 were grown from ethanol
solutions as massive aggregates of triclinic prisms elon-
gated along the c-axis. They were dark red in color.
The lattice constants and space group were determined
from the a-, b- and c-axis equatorial precession photo-
graphs taken with CuKa radiation. The density was
measured by the floatation method using the mixed
solutions of 1,1,2,2-tetrabromoethane and carbon tetra-
chloride. Unlike the crystals grown from chloroform
solutions, the present crystal does not contain the
solvent of crystallization.

Crystal Data. 2-Mercuri-4-methylphenol-2-nitroso-

1) Z. Tamura and Y. Kido, Chem. Pharm. Bull.
(Tokyo), 16, 1808 (1968).

2) Z.Tamura, Y. litaka and Y. Kido, #bid., 17,
1767 (1969).

4-methylphenol complex C,H,OHg-C,H,O,N.

Mol wt: 444

Space group: triclinic PT

Lattice constants:

a=10.26+0.02, 5=22.71+0.03, ¢=5.61+0.014,
«=97.2+0.2, $#=93.1+0.2, y=91.1+£0.2°

Volume of the unit cell: 1297 A3

Four structure units in the unit cell

Density measured: 2.25 g-cm™3

Density calculated: 2.27 g-cm™3

Linear absorption coefficient for CuK« radiation:

#=237.6 cm™

Three-dimensional intensity data were collected from
multiple-film equi-inclination Weissenberg photographs
taken with CuK« radiation of the layers zero to fourth
about the c¢-axis and zero to third about [101] axis.
The intensities were measured visually with the aid of
a calibrated intensity scale and they were corrected
for Lorentz and polarization factors. The size of the
specimens used for the intensity measurement was about
0.065 x 0.065 mm in cross section corresponding to the
UR value of 1.53, but no absorption correction was
applied. The structure factors obtained for the two
axes were correlated and scaled to a common base.
A total of 2418 independent structure factors was finally
derived.

Determination of the Crystal Structure

The three-dimensional Patterson function yielded
the positions of two mercury atoms involved in the
asymmetric unit. A three-dimensional Fourier map
was then calculated on the basis of the contribution
of these two atoms which gave the R factor of 0.33.
Although many spurious peaks were present on the
Fourier map especially around the mercury atoms,
the locations of the thirty six light atoms forming
the two crystallographically independent complex
molecules were determined by succesive use of
Fourier and difference Fourier syntheses. The
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refinement of the atomic positional and thermal
parameters was first carried out by the block-
matrix least-squares method, using the program
HBLS.) Seven cycles of calculations including
isotropic temperature factors for each atom reduced
the R factor from 0.30 to 0.15. This factor was
further reduced to 0.11 by three cycles of the least-
squares calculations including individual anisotro-
pic temperature factor parameters. The weighting
system adopted in the calculations was:

» w="75|F,, when 75<F,,
~w=1, when 12<F,<75,
»/w=0, when Fo< 12.

The final atomic parameters and their standard
deviations are listed in Table 1. In Table 2 the
observed structure factors are listed. The atomic
scattering factors used in the present structure
determination were taken from JInternational Tables
Sor X-ray Crystallography.9

Figure 1 depicts the superposed three-dimen-
sional electron density distribution function cal-
culated on the basis of the atomic parameters listed
in Table 1.

Discussion of the Structure

The present crystal contains two crystallographi-
cally independent complex molecules I and II.

Fig. 1.

3) Y. Okaya and T. Ashida, HBLS IV, The Universal
Crystallographic Computing System (1), p. 65, Japanese
Crystallographic Association.

The Crystal Structure of a Colored Complex

Composite drawing of the electron density map viewed along the c-axis.
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Each of these molecules forms a dimer with its
nearest neighbor related by a center of symmetry
through a pair of hydrogen bonds.

The bond lengths and angles of the complex
molecules calculated from the coordinates given in
Table 1 are shown in Fig. 2 along with their standard
deviations. It is seen that they resemble each other
considering their rather large standard deviations.
Furthermore, the c-axis projection of the dimer
molecule found in the crystal grown from chloro-
form solutions (Fig. 1 of the previous paper?)
closely resembles those found in the present crystal,
although the sturucture of the former was solved
only in a two-dimensional projection and no detailed
spacial arrangement of the atoms was given.

In the previous paper, two resonance forms of the
complex were suggested as shown in Fig. 3 of the
present paper, but it was not possible to decide
which is more predominant. In Table 3, the length
of the C-N and N-O bonds reported for various
oximes, nitroso compounds and N-oxides are shown.
The length of the C-N bonds found in the molecules
I and II are both 1.25 A indicating a strong double
bond character. The N-O bond lengths in the
molecules I and II differ considerably. In view
of the rather large standard deviations, it can not be
said that the difference is really significant, but the
mean value of the two lengths, 1.27 A, is nearly of
the same order of magnitude as those found in
nitroso compounds'?~1%) or in N-oxides!’™"2? and
is clearly shorter than those found in oximes.5~11)

Contours are drawn at
intervals of 1 e. A-3 starting at 2 e. A-3. Those for mercury atoms are not shown.

4) International Tables for X-ray Crystallography, Vol.
III, Kynoch Press, Birmingham (1962).
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ATOM

He(1)

Eg(2)
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c(22)
c(23)

c(24)
c(25)
c(26)
c(27)
c(28)
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TaBLE 1. FINAL ATOMIC PARAMETERS AND THEIR STANDARD DEVIATIONS (e.s.d)

E.s.d.’s are given in parentheses denoting the least significant digits of the
The temper-

corresponding values. x, », z ate the fractional coordinates.
ature factors are of the form

T=exp{—(Buh® + Bock® + Bual® + 2B1ohk + 2B15hl + 2Buskl)}
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TABLE 2. OBSERVED STRUCTURE FACTORS
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TasLe 2. (Continued)
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2 2 3 11 3 53.08 2-4 3 3 . 4
2 2 3 12 3 102.42 2-3 3 3 . .
2 2 3 14 3 118,49 2.2 3 3 . 4
2 2 3 15 3 33.02 2-1 3 3 4 4
2 2 3 16 3 47,10 2 0 3 3 4 4
2 2 3 17 3 87,22 2 t 3 3 a 4
2 2 3 19 3 87.10 2 2 3 3 4 4
2 2 3 21 3 39.50 2 4 3 3 . “
B 2 3 22 3 s881 2 5 3 3 . “
2 2 3 ~1-24 3 21,81 2 6 3 3 4 4
2 2 3 -23 3 3277 2 7 3 3 4 )
2 2 3 -1-20 3 31,27 2 9 3 3 4 4
2 2 3 -1-19 3 26,66 2 1n 3 3 . .
2 2 3 -1-18 3 58,94 211 3 3 P 4
2 2 3 -1-17 3 31,15 212 3 3 4 4
2 2 3 -1-16 3 49,34 214 3 3 4 4
2 2 3 -1-15 3 40.49 215 3 3 4 )
2 2 3 -1-13 3 113,26 216 3 3 . .
2 2 3 -1-11 3 99.56 217 3 3 . .
? 2 3 -1-10 3 67,53 219 3 3 4 P
2 2 3 -9 3 28,41 3-23 3 3 4 .
2 2 3 -3 3 143,41  3-21 3 3 4 .
2 2 3 -6 3 145,78 3-20 3 3 4 4
2 2 3 -5 3 78,87 3-18 3 3 4 4
2 2 3 -4 3 60,56 3-16 3 3 4 4
2 2 3 -3 3 111,39 3415 3 3 4 40 4
2 2 3 -t 3 120,99 3-13 3 3 ) 4 1 4
2 2 3 6, 3 54,08 3-11 3 3 4 4 2 4
2 2 3 1 3 45,85 3-10 3 3 L} 43 4
2 2 3 2 3 1635.65 3 -9 3 3 4 4 4 4
2 2 3 3 3 ‘2517 3I-n 3 3 4 4 5 4
2 2 3 4 3 155,75 3 -6 3 3 ) 4 A 4
2 2 3 5 3 75.02 3 -5 3 3 4 4 9 4
2 2 3 6 3 54,20 3 -3 3 3 4 410 4
2 2 3 7 3 128,46 3-2 3 3 4 414 4
2 2 3 A 3 2504 31 3 3 4 415 4
H 2 3 9 3 120,74 3 t 3 3 4 416 4
2 2 3 11 3 59.56 3 2 3 A ) 410 4
2 2 3 12 3 76,75 3 3 3 4 4 5-11 4 -
2 2 3 13 3 5545 3 4 3 4 4 5 -0 4
H 2 3 14 3 110,40 3 5 3 . 4 5 -8 4
2 2 3 15 3 S0.96 3 6 3 M 4 5 -6 4
2 2 3 14 3 33,52 3 73 . 4 5 -4 4
2 2 3 17 3 438,73 3 8 3 4 4 5 -3 4
2 2 3 1A 3 4411 3 9 3 . 4 5 -1 4
2 2 3 19 3 36.26 310 3 . 4 5 1 4
2 2 3 20 3 30,03 3113 4 4 5 2 4
2 2 3 23 3 37.26 313 3 4 . 5 4 4
H 2 3 0-23 3 46,48 315 3 . . 5 6 4
2 2 3 0-21 3 35,88 316 3 4 4 5 7 4
2 2 3 0-20 3 40,99 318 3 N . 5 9 4
H 2 3 0-18 3 6U.56 320 3 4 . 511 4
2 2 3 0-16 3 56,44 32r 3 4 4 512 4
2 2 3 0-15 3 29.28 423 3 4 P 514 4
2 2 3 0-13 3 93.33 422 3 N 4 516 4
2 2 3 0-12 3 64,04  4-19 3 . 4 6-14 4
2 2 3 0-11 3 67.78  4-18 3 4 4 6-13 4
H 2 3 0-30 3 25.80  4-17 3 . ) 6-11 4
2 2 3 0-9 3 71,77 4-14 3 . P 6 -9 4
2 2 3 0-8 3 101,92 4-12 3 . 4 6 -8 4
2 2 3 -7 3 115.50 4-10 3 4 P 6r6 4
2 2 3 6 3 48,10 4-9 3 . ) 6 -4 4
2 2 3 -5 3 72,89 4 -7 3 4 4 6 -3 4
2 2 3 -4 3 78,87 4-5 3 4 4 6-2 4
H 2 3 -3 3 38.25 4-4 3 4 4 6 -1 4
H 2 3 -2 3 90,21 4-2 3 4 n o4 6 0 4
H 2 3 -1 3 39.75 4 0 3 4 14 6 1 4
2 2 3 003 28,03 4 13 s 2 4 6 2 ¢
3 2 3 13 76,01 4 33 4 3 4 6 3 4
] 2 3 3 3 126,47 4 5 3 4 0o 4 4 6 4 4
: 2 3 4 3 27,04 4 6 3 4 005 4 6 5 4
H 2 3 5 3 100,80 4 A 3 4 [ 6 A 4
H 2 3 4 3 97.69 410 3 4 007 4 6 9 4
2 2 3 7 3 30,15 411 3 4 0 A 4 610 4
2 2 3 A 3 160,24~ 413 3 4 2380 010 4 617 4
H 2 3. 9 3 19,44 415 3 4 5820 011 4 613 4
H 2 3 10 3 114,01 416 3 4 7140 012 4 615 4
2 2 3 11 3 87,97 418 3 4 94,20 015 4 7-12 4
2 2 3 13 3 121.36 419 3 4 54.20 015 4 7-10 4
H 3 3 15 3 95.44 420 3 a4 71002 0174 7-7 4
2 3 3 16 3 60,68 5-24 3 4 104,79 014 4 75 4
H 3 3 17 3 26,79 S5-22 3 4 47,35 020 4 7-2 4
2 3 3 1A 3 92,70 5-19 3 4 75,01 1-14 4 7 0 4
H 3 3 20 3 64.79  5-17 3 4 5.8 1-12 4 7 2 4
2 3 3 21 3 25,17 5-15 3 4 49.59 1-10 4 7 3 4
2 3 3 22 3 59,06 5-14 3 4 50,46 1 -9 4 7 5 4
2 3 3 1-22 3 48,34 5-12 3 4 59.68 1-7 4 7 8 4
2 3 3 1-20 3 32,27  5-10 3 4 37,88 1-6 4 7 9 4
2 3 3 1-19 3 45,98 5-7 3 4 37,88 1-5 4 711 4
2 3 3 1-17 3 84.35 5 -6 3 4 65.79 1-4 4 714 4
2 3 3 1-15 3 63,92 S5 -B 3 4 2517 1-3 4 -5 -9 5
2 3 3 1-14 3 106,66 5-9 3 ‘4 34,89 12 4 =5 -8 5
2 3 3 1-12 3 142,67 5 -4 3 4 5420 1-1 4 -5 -7 5
2 3 3 1-11 3 50,34 5-3 3 4 38,77 10 4 -5 -6 5
2 3 3 1-10 3 87,34 5-2 3 4 28091 1 1 4 -5 -4 5
2 3 3 -9 3 110.64 5-1 3 4 59.06 1 2 4 -5 -3 5

3 3 -7 3 181.29 5 2 3 4 4972 1 3 4 51 5
H 3 3 -6 3 2230 5 33 4 6031 1 4 @ 5 15
2 3 3 -5 3 41,37 5 4 3 4 2587 1 5 4 -5 4 5
2 3 3 -4 3 149,52 5 6 3 4 25,80 1 6 4 -5 6 5
2 3 3 -3 3 21,43 5 7 3 4 68,90 1 7 4 -4 0 5
H 3 3 -2 3 177.18 5 o 3 4 2542 1 8 4 -4 2 5
2 3 3 -1 3 2892 511 3 4 75551 1 9 4 -4 35
2 3 3 0 3 64,92 512 3 4 27.20 110 4 -4 5 5
H 3 3 1 3 85.23 514 3 4 3476 112 4 - 75
H 3 3 3 3 103.42 516 3 4 85.23 113 4 -4 8 S
2 3 3 4 3 23,42 517 3 4 93,08 115 4 410 5
2 3 3 5 3 63.92 519 3 4 42,36 117 4 -412 5
2 3 3 6 3 56,82 6-18 3 4 71,52 118 4 -413 5
2 3 3 7 3 28,41 6-16 3 4 82,86 120 4 -415 5 50,74
2 3 3 A 3 104,04 6-13 3 4 31,90 2-13 4
2 3 3 9 3 67.16 6-11 3 4 37.63 2-11 4
2 3 3 10 3 52.46 6-8 3 4 7439 2-9 4
2 3 3 11 3 34,64 6-6 3 4 60,06 2-A 4
2 3 3 12 3 50,71 6 -5 3 4 70,777 2 -6 4

3 3 13 3 58,44 6 -4 3 4 42,36 2-4 4
2 3 3 14 3 75.63 6 -3 3 4 40,99 2-3 4

3 3 15 3 38,25 6.1 3 > 4 74,01 2-1 4
H 3 3 16 3 27,16 6 03 4 6865 2 1 4

3 3 17 3 -6V.18 6 1 3 4 43,24 2 2 4
; 3 3 19 3 71.64 6 2 3 4 20,43 2 4 4
2 3 3 2-24 3 3215 6 4 3 4 6492 2 6 4




October, 1970]

14U,
o) B

125°
69° Hg.

The Crystal Structure of a Colored Complex

3075

51°

Fig. 2. Bond lengths (A) and angles (°) found in molecule I and molecule II.
E.s.d.’s are shown in parentheses denoting the least significant digits of the

corresponding values.

(L Ime 41
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e o E
0
CH; Hs
A B

Fig. 3. The structures of the present complex
molecule proposed in the previous paper.?

Although the location of hydrogen atoms are not
shown in the present structure determination, a
comparison of the N-O bond lengths in NMP-
group which have double bond character and the
C-O bond lengths in MMP-group which corre-
spond to the carbon to phenolic oxygen bond lengths
(C-OH), indicates that the latter oxygen atoms
exist in the form of hydroxyl groups and act as
hydrogen donors in the hydrogen bond systems.

From the discussions on the C-N and N-O bond
lengths it may be concluded that the structure of the
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TaBLE 3. ComparisoN oF THE N-O anp C-N BoND LENGTHs AND C-N-O
ANGLES OF THE OXIMES, NITROSO AND N-OXIDE COMPOUNDS
Compounds N-O C-N C-N-O Ref.
Oximes
Bis(salicylaldoximato)copper (II) 1.45A 1.25A 115° 5
' 1.38 1.20 121 6
. . Ivoxi
Nickel dimethylglyoxime {1 .37 1.95 121
. . 1.350 1.277 121.8 7
Nickel glyoxime {1 .343 1.303 121.1
5-Methoxy-2-quinone-2-oxime 1.36 1.22 117 8
N-Methyl-p-chlorobenzaldoxime 1.284 1.309 125.2 9
B-5-n-Propoxy-o-quinone-2-oxime 1.353 1.319 116.8 10
-5-(2’-Chloroethoxy)-o-quinone-2-oxime 1.365 1.306 112.5 11
Nitroso compounds
(trans) 1.25 1.57 125 12
Dinitrosomethane {l .30 1.48 119 13
v (cis) . 1.32 1.45 120
1-(4-Chlorobenzyl)-1-nitroso-2-(4,5-dihydro-2-imidazolyl) 1.25 14
hydrazine monohydrate :
p-Methoxyindophenol N-oxide 1.266 {l .357 122.7 15
1.450 116.1
Nitrosobenzene (dimer) 1.35 16
N-Oxides
anti-2,5-Dimethyl-4-chloro- N-methylbenzene aldoxime 1.298 1.29 124 17
anti-4-Chloro- N-methylbenzenealdoxime 1.28 1.30 125 17
. {l .352 116.8
. . . . .362 1.337 119.1
Bis-(pyridine N-oxide)Copper(II) nitrate {l ‘361 1.325 1201 18
1.369 116.9
Di-u-(pyridine oxide)-bis(dichloro-copper(1I)) 1.346 1.341 118.2 19
- . . 1.31 116.1 20
Pyridine oxide hydrochloride 1.37 {1 36 171
Present Compound (mean of the two complexes) 1.27 1.25 120

present complex is represented as shown in Fig. 3,
B.

The mercury atoms adopt planar four-fold coor-
dination if one takes the intramolecular short dis-
tances of O(3)-Hg(l), 3.05A and O(6)-Hg(2),
2.96 A as the fourth coordination bonds. Table 4
shows the deviations of atoms from the plane formed

5) M. A. Jarski and E. C. Lingafelter, Acta Cryst.,
17, 1109 (1964).

6) L. E. Godycki and R. E. Rundle, ibid., 6, 487
(1953).

7) M. Calleri, G. Ferraris and D. Viterbo, ibid., 22,
468 (1967).

8) G. W. R. Bartindale, M. M. Crowder and
K. A. Morley, ibid., 12, 111 (1959).

9) K. Folting, W. N. Lipscomb and B. Jerslev,
ibid., 17, 1263 (1964).

10) C. Romers, tbid., 17, 1287 (1964).

11) J. W. L. van Ol_]en and C. Romers, tbid., 20,
169 (1966).

12) M. Van Meerssche and G. Germam, ibid., 12,
818 (1959).

by each coordination group.

Figures 4 and 5 show the crystal structure pro-
jected along the ¢- and a-axis, respectively. Each
molecule takes a nearly planar conformation and is
inclined to the c-axis at an angle of 56° in I and 54°
in II. As seen in Fig. 5, the neighboring dimers
in the ¢ direction overlap strongly and the dimers
of each kind, I-I or II-II, are piled up along the
c-axis forming a columnar unit. The columns are

13) G. Germain, P. Piret and M. Van Meerssche,
ibid., 16, 109 (1963).

14) G. J. Palenik, ibid., 19, 47 (1965).

15) C. Romers and B. Hesper, ibid., 20, 162 (1966).

16) J. W. Linnett and R. M. Rosenberg, Tetrahedron,
20, 53 (1964).

17) K. G. Jensen and B. Jerslev Acta Cryst., B25,
916 (1969).

18) S. Séavniéar and B. Matkovic, ibid., B25, 2046
(1969).

19) R. S. Sager, R. J. Williams and W. H. Watson,
Inorg. Chem., 6, 951 (1967).

20) G. Tsoucaris ,Acta Cryst., 14, 914 (1961).
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Fig. 4. The ¢-axis projection of the crystal structuere. Hydrogen bonds are shown by broken lines and
intermolecular short distances less than 3.75A are shown by dotted lines.

Fig. 5. The a-axis projection of the crystal structure showing the stacking of the complex molecules.
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TaBLE 4. THE DEVIATIONS OF THE ATOMS FROM THE LEAST-SQUARES PLANES
Molecule I Molecule II Molecule I Molecule 1I

Atom Distances Atom Distances Atom Distances Atom Distances
Coordinated group around Hg O(1) 0.20 O(4) —0.04
Hg(1) —0.09A Hg(2) —0.134A N(1) —0.07 N(2) —0.08
O(1) 0.16 O(4) 0.26 c(2) —0.09 0(5) 0.01

O(3) 0.17 O(6) 0.27 .
N(1) —0.09 N(2) —0.14 2-Mercuri-4-Methylphenol group
c@3)  —o0.16 cQ7)  —0.26 c(8) —0.02 C(22) 0.01
2-Nitroso-4-methylphenol group C(9) 0.05 C(23) 0.03
C(10) —0.07 C(24) —0.03
C(1) 0.01 C(15) 0.05
C(11) 0.05 C(25) 0.00
C(2) —0.02 C(16) —0.03
C(12) —0.02 C(26) 0.03
C(3) 0.02 C(17) —0.01 c(13) 0.00 c(27 0.04
C(4) —0.02 c(18) 0.04 ( : @ =0
C(5) 0.02 C(19) —0.02 distance to the plane

C(6) 0.01 C(20) —0.03 Hg(1) —0.10 Hg(2) —0.10
distance to the plane O(3) 0.07 O(6) 0.01
Cc(7) 0.01 C(21) 0.29 C(14)  —0.09 C(28) 0.17

packed together in the @ direction mainly through
the van der Waals interaction between the phenolic
groups forming the layers of the dimer molecules.

The two kinds of layers each consisting of the dimers,

I-I or II-II are packed together alternately along
the b-axis. The packing of the layers in the b-
direction is rather loose and no close contact shorter
than 3.75 A is found between the layers.

In Figures 4 and 5 are shown intermolecular short
distances less than 3.75 A. It is to be noted that
the dimers I-I and II-II are situated approximately
in such positions that they are related by a rotation
about the axis parallel to ¢ followed by a mirror

operation with the mirror plane parallel to ¢. Com-
parison of Fig. 4 with Fig. 1 of the previous paper?
indicates that the structure of the present crystal
resembles, in some respect, that found in the crystal
grown from chloroform solutions. The latter crystal
contains chloroform molecules as the solvent of
crystallization filling up the spaces between the
II-II dimers. These spaces are filled by the dimers
I-I in the present crystal.

The authors wish to express their sincere thanks
to Professor Zenzo Tamura for his continuous
encouragement.






