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Investigation of the crystal structures of two thermochromic forms of bis(N-methy1phenethylammonium)tetrachloro- 
cuprate(II), [C,H,CH,CH,NHCH,H+], [CUC~,~-] ,  was prompted by marked differences in their solid-state electronic 
spectra, indicating rearrangement of the configuration of the CuC1,'- anion in the course of the transition from green to 
yellow at 80'. At 25', the green form displayed the maximum d-d transition at 16,100 cm"', whereas at approximately 
90' the highest energy absorption was at 9100 cm-'. Crystals of the green (low-temperature) modification are monoclin- 
ic, space group P2,/c, with a = 6.4952 (3) A,  b = 22.678 (1) A, c = 8.5844 (6) A, p = 116.08 (l)', Z = 2, d ,  = 1.397 g 
~ m - ~ ,  and d, = 1.390 g ~ m - ~ .  Crystals of the yellow (high-temperature) modification are monoclinic, space group C2/c, with 
a = 24.93 (3) A, b = 8.180 (7) A, c = 12.586 (8) A, p = 115.21 (7)", 2 = 4, and d ,  = 1.367 g cm-'. Intensities were ob- 
tained from 0-26 scans with a four-circle automatic diffractometer using graphite-monochromatized Mo K a  radiation. 
For the green modification, 1705 observed reflections refined to  a conventional R = 0.035 using full-matrix least squares; 
1114 observed reflections of the yellow modification refined to  a conventional R = 0.092. In the green modification the 
copper atom is situated on a crystallographic center of symmetry with nearly square-planar coordination of the chlorine 
atoms: the Cu-C1 distances are 2.248 (1) and 2.281 (1) A with angles of 89.9 and 90.1'. In the yellow form the copper 
atom is located on a twofold axis with the chlorine atoms coordinated to  form an irregular, flattened tetrahedron; Cu-C1 
distances are 2.227 (4) and 2.190 (4) A with Cl-Cu-C1 angles of 101.3 (2), 98.4 (2), 123.0 (2), and 138.1 (2)". The Cu- 
C1, p anion is hydrogen bonded to the A'-methylphenethylammonium cations in both modifications, with stronger bonds 
being formed in the green modification. The cation is found to  be disordered in crystals of the yellow form. 

Introduction 

sive study of coordination compounds of hallucinogenic 
drugs (and other ligands that are both structurally related 
and physiologically active) with transitional metal ions es- 
sential to vital processes.' During efforts to prepare cop- 
per(I1) complexes of dl-methamphetamine, C-demetkyla- 
tion and protonation occurred and the product isolated was 
[(C6HS)CH2CH2NH(CH3)Htl2 [ C U C ~ ~ ~ - ] ,  hereafter abbrevi- 
ated (nmpH),CuC14. This salt is thermochromic: green 
at 25" and yellow at 80'. X-Ray powder diffraction pat- 
terns showed that the two forms are not isomorphous. 

It was of interest to determine the structures of these two 
modifications because of current interest in the geometry 
and environment of the tetrachlorocuprate(I1) anion. Thus 
far, this anion has been observed as discrete flattened tetra- 
hedra and as essentially square-planar units linked in sheets 
or ribbons by axial Cu-C1 bonds resulting in tetragonally 
distorted octahedra. For the types M2CuC14 and MCuC14 
(where M is a uni- or divalent cation), a distorted tetrahe- 
dral anion of Dzd symmetry is expected when M is a large, 
bulky cation such as Cs+,2l3 (CH3)4N+,3 C6H,CH$(CH3),+: 
[(CH3)2NH2]3C12t,5 or (C2H5)3NH+.6 Effective sixfold co- 
ordination results with smaller cations such as NH;,' CH3- 
NH:? C2H,NH:,798 [(NH3CH2CH2)2NH2]C12t? or NH3- 

The work reported here is an outgrowth of a comprehen- 
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CH2CH2NH32'.'0 The complex [Pt(NH3)4] [CuC14] is re- 
ported, on the basis of powder patterns, to be isomorphous 
with [Cu(NH3),] [PtC14] which is square planar with respect 
to both CU and Pt but which has Cu-Pt interactions of 3.22 
A in the axial sites." 

We report here the structure of a complex involving the 
first confirmed case of a discrete square-planar tetrachloro. 
cuprate(I1) anion. The synthesis, characterization, and 
spectral and other properties of the title compound will be 
described elsewhere in context with related copper(I1) com- 
plexes. 

Experimental Section 
Electronic Spectra. The electronic absorption spectra, measured 

with a Cary 14, displayed d-d transition bands primarily in the near- 
infrared and visible regions (20,000-5000 cm-'). Solid-state spectra 
were obtained using mineral oil mulls; for the low-temperature runs, 
a flat-window quartz dewar cooled by liquid nitrogen was used. So- 
lution spectra were measured using l-cm cells. 

dark green needles of (nmpH),CuCl, were obtained when a solution 
of the compound in acetone underwent solvent exchange with di- 
ethyl ether. Cleavage of a small section from the central portion 
of one needle (the needle axis was later designated the a axis) yield- 
ed a suitable crystal for measurement of both lattice dimensions and 
intensities. This crystal was a parallelepipedlvhich measured 0.30 X 
0.40 X 0.43 mm perpendicular to (0211, (021), and (loo), respcctive- 
ly. A preliminary study carried out on a Syntex P 2 ,  automatic dif- 
fractometer established that the crystals are monoclinic with space 
group P2,/c (No. 14) and yielded a set of approximate unit cell di- 
mensions. A GE XRD-5 diffractometer was then used with a 2" 
takeoff angle and a 0.05" receiving slit to obtain the resolved Cu Ka,  
(h  1.54050 A) peak positions for 27 high-angle reflections (20 = 
99.9-147.2') at 24". Least-squares refinement of these reflections 
produced the following unit cell parameters: a = 6.4952 (3) A, b = 
22.678 (1) A, c =  8.5844 (6) A, p = 116.08 (l)', and V =  1135.7 A'. 
With a formula weight of 477.8 and Z = 2, the calculated density is 
1.397 g cm-3 which compares well with the value of 1.390 g cmn3 
as measured by flotation in a mixture of benzene and carbon tetra- 
chloride. Thus, each unit cell contains two tetrachlorocuprate(I1) 

Crystallographic Data Collection. Green Modification. Long, 
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Structures of [(C6HS)CH2CH2NH(CH3)H+]z [ C U C ~ ~ ~ - ]  

anions, with the Cu atoms located at crystallographic centers of sym- 
metry, and four N-methylphenethylammonium cations. 

Intensity data were collected on a SyntexP2, automatic diffrac- 
tometer with Mo Kcu radiation monochromatized by a graphite crys- 
tal. The 8-20 scan technique was employed with each scan ranging 
from 0.8" in 2e below the Ka, peak to  1.2" beyond the Kor, peak 
and accumulatingP counts. The scan rate, S ,  varied from 2.0 to 
8.0" min-l depending in a direct manner upon the intensity. Back- 
ground counts, B ,  and B,, were taken at both ends of the scan range, 
each for a time equal to half the scan time. A total of 2364 unique 
reflections of the type hkl and hkl were measured in the range 4" < 
26 < 53". The intensities of four standard reflections were meas- 
ured after every 46 reflections. Over the period of data collection, 
these intensities dropped an average of 5%, and a correction factor, 
as a function of exposure time, was applied. Coincidence losses 
were corrected V ~ Q  direct knowledge of the counting system's dead 
time. 

The net intensity, I (relative to a 1 .On min-' scan rate), and its 
estimated standard deviation, 00, were calculated as follows: I= 
S[P - (B,  + B2)]; OQ = S(P + B ,  t B,)1'2. Intensities which were 
less than 0.70(0 were set equal to that value. An absorption cor- 
rection based on crystal shape was made with resulting transmission 
coefficients ranging from 0.56 to  0.68 (p = 14.75 cm-', Mo Ka). 
Conversion to structure amplitudes was completed with the appli- 
cation of Lorentz and polarization factors. 

Yellow Modification. It had been demonstrated from earlier 
work with X-ray powder patterns that a sample of (nmpH),CuCl, 
could be cycled reversibly from the green form to the yellow form 
by alternately heating the sample to 80' and then cooling it back 
to 25". Hence the first attempt to obtain a single crystal of the 
yellow form was simply to heat a single crystal of the green form 
to 80". Unfortunately, an X-ray rotation photograph of the result- 
ing yellow crystal (maintained at 80") exhibited mostly powder 
rings with only a few isolated spots. Attempts to grow a crystal by 
evaporation from solutions held at 80" also failed. 

The first single crystal of the yellow form was produced when 
a sample of the green modification, powdered and packed into the 
tip of a sealed 0.3-mm capillary of Lindemann glass, was heated to 
the melting point and then cooled slowly to 80". The intensities of 
the reflections were rather low but a preliminary study on the Syntex 
P2, diffractometer showed the crystal to be monoclinic with two 
possible space groups: Cc (No. 9) or C2/c (No. 15). Unsuccessful 
attempts were made to grow a crystal in the central region of a capil- 
lary away from the ill-shaped tip, consisting of a large ball of glass 
which would have caused significant absorption errors. The single 
crystal used for data collection was grown in the tip of a capillary 
by alternately heating the sample to the melting point and then cool- 
ing to  80" until a satisfactory crystal was produced. The crystal, 
which was cone shaped with a central height of approximately 0.3 
mm and a maximum diameter of 0.28 mm, was mounted on the 
Syntex P2, diffractometer. Throughout the data collection and 
the measurement of the unit cell parameters, the temperature of the 
crystal was maintained at 80" by a warm stream of air. The follow- 
ing unit cell dimensions are mean values produced by the least-squares 
refinement of 15 low-angle reflections (MoKcu, h 0.71069 A) utilizing 
the Syntex least-squares routine: Q = 24.93 (3) A, b = 8.180 (7) A, 
c=12.586 (8)A,p=115.21 (7)". With V = 2 3 2 1 . 6 A 3 a n d Z = 4  
the calculated density is 1.367 g cmW3 and, as expected, is somewhat 
less than the density of the green form. For space group C2/c this 
implies that the Cu atoms must be located either at centers of sym- 
metry or on twofold axes; for space group Cc all atoms would be in 
general positions. 

sity data for the yellow form were the same as for the green form. 
Some differences should be noted: (1) The maximum scan rate 
was decreased from 8.0 to 5.0" min-'; (2) the scan range below the 
Kcu, peak was increased from 0.8 to 1.2" in 20 because of the some- 
what broader nature of the peaks; (3) standard reflections were 
closely monitored and never allowed to vary by more than %2% (the 
crystal had to  be recentered several times) and showed no apprecia- 
ble decline in intensity over the period of data collection; (4) be- 
cause of the uncertainties in the absorption by the glass and in the 
shape of the crystal, an absorption correction was not Zade. A 
total of 1519 unique reflections of the type hkl and hkl were meas- 
ured in the range 4" < 2e < 45". 

tering factors for Cu, Cl, C, and N were those of Cromer and 
Waber;" the scattering factor for Cu was corrected for A?'." For 
hydrogen, the scattering factor of Stewart, Davidson, and Simpson 
was used.14 

Most of the aspects of the collection and correction of the inten- 

Solution and Refinement of the Structures. The atomic scat- 
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The function minimized in the least-squares refinement was Zw. 
(lFol- 
amplitudes and w is the weight calculated as l/uz(Fo) for those re- 
flections where I > 344 and assigned as zero for reflections where 
Z < 341). The value of o(Fo) is derived directly from o(I) taking 
into account the various corrections that were made. The discrep- 
ancy indices given below are (1) the conventional R = (E lFol- 
lFcll/!Fol) and (2) the weighted R, = (mv(lFoI- !Fcl)2/wFoz)"z. 
Only reflections for which1 > 3 4 4  were used in the least-squares 
refinement, and unless otherwise specified, the R values given repre- 
sent only the discrepancies for these reflections. For the green mod- 
ification, 1705 reflections were used; for the yellow, there were 
11 14 such reflections. 

be positioned at crystallographic centers of symmetry and thus the 
structure amplitudes were initially phased by placing the Cu atom 
at the origin. A three-dimensional Fourier map revealed the posi- 
tions of the C1 atoms; a subsequent map showed the locations of the 
other nonhydrogen atoms. The positional and isotropic thermal 
parameters of these 1 3  atoms were refined to R= 0.107 and R, = 
0.095. Following one cycle of refinement with anisotropic tem- 
perature factors (R = 0.057 and R, = 0.065) a difference map was 
calculated which revealed the positions of the H atoms; the H at- 
oms were assigned an isotropic thermal parameter of 5.0 ,&*. Two 
cycles of refinement of the H positions placed them in reasonable 
locations. Further refinement of all positional parameters and an- 
isotropic thermal parameters of the nonhydrogen atoms dropped 
the R values to R = 0.035 and R, = 0.030 but caused the H(6)- 
C(7)-H(7) angle to  increase to the unrealistic value of 127". These 
two H atoms were then fixed at  the semirefined positions found af- 
ter the first two cycles of hydrogen atom refinement. Final refine- 
ment led to discrepancy values of R = 0.035 and R, = 0.029. The 
largest shift in any parameter during the last cycle of refinement 
was 0.110. The conventionalR for all 2364 reflections is 0.055. 

at the origin, the Cu atom position; the largest negative peak, -0.5 
e/A3, is also in the vicinity of the Cu atom. Smaller positive and 
negative peaks are located near the C1 atoms. The standard devia- 
tion of an observation of unit weight is 2.45. Extinction did not 
prove to be a problem. 

A table of observed and calculated structure amplitudes is avail- 
able." Final positional and thermal parameters are given in Table I. 

Yellow Modification. A Patterson map was used to locate the 
Cu atom, which was positioned on a crystallographic twofold axis 
(assuming space group C2/c), and the C1 atoms. After initial refine- 
ment of these atoms, including isotropic thermal parameters, a 
Fourier map clearly showed the positions of the N, C(4), and C(9) 
atoms. For the remainder of the C atoms, the map showed only 
broad and illdefined peaks; in addition, the peak assigned to C(7) 
was only half the magnitude of the other C peaks. Refinement of 
the positions (all nonhydrogen atoms), including anisotropic ther- 
mal parameters for the Cu and C1 atoms and isotropic thermal pa- 
rameters for the remaining C and N atoms, led to R = 0.100 and 
Rw = 0.076. A difference map at this point revealed major positive 
peaks close to C(l), C(5), C(6), and C(8) with the largest peak lo- 
cated in a position between C(1) and C(8) [later designated as C(7P)J 
The cation was thus determined to be disordered with the following 
characteristics: atoms C(4), N, and C(9) at the two ends of the cat- 
ion show the least evidence of disorder; atoms C(l), C(6), and C(8) 
in the central portion of the cation have the largest thermal motions 
indicative of small displacements (Fourier and difference maps yield 
broad unresolved peaks); atom C(7) shows the greatest disorder and 
is divided between two distinct positions, hereafter labeled as C(7) 
and C(7P). (A partial set of data collected using the fnst single crys- 
tal produced a Fourier map showing the same type of disorder.) At- 
om C(7P) was then added to  the refinement; with the isotropic ther- 
mal parameters fixed at  8.0 A', the occupation factors for C(7) and 
C(7P) refined to values of 0.415 and 0.585, respectively. These oc- 
cupation factors were then fixed and refinement of all positional 
and thermal parameters continued; R reduced to 0.092 and R, to 
0.068. Having obtained the information of interest and having no 
way of effectively handling the disorder problem, the refinement of 

where Pol and lFcl are the observed and calculated structure 

Green Modification. As pointed out earlier, the Cu atoms must 

The largest peak in the final difference map, 0.5 e/A3, is located 
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Table I 
Final Atomic Coordinates (with Estimated Standard Deviations in 

Parentheses) for the Green Modification of (nmpH),CuCl, 

Atom X V Z 

Cu 0.0 0.0 0.0 
Cl(1) 0.10722 (16) 0.06983 (5) 0.21243 (13) 
Cl(2) 0.22332 (15) 0.04310 (4) -0.10609 (11) 
N 0.6517 (5) 0.07808 (13) 0.2721 (4) 
C(1) 0.5890 (7) 0.24200 (16) 0.1690 (4) 
C(2) 0.7914 (7) 0.27274 (19) 0.2351 (5) 
C(3) 0.7942 (9) 0.33191 (24) 0.2697 (6) 
C(4) 0.6012 (12) 0.36094 (21) 0.2382 ( 6 )  
C(5) 0.3987 (10) 0.33223 (27) 0.1712 (7) 
C(6) 0.3899 (8) 0.27258 (21) 0.1367 (5) 
C(7) 0.5857 (7) 0.17718 (17) 0.1383 (5) 
C(8) 0.6529 (7) 0.14242 (17) 0.3023 (5) 
C(9) 0.7088 (7) 0.04221 (18) 0.4295 (5) 
H(1) 0.926 (6) 0.2503 (15) 0.259 (4) 
H(2) 0.923 (6) 0.3467 (16) 0.319 (5) 
H(3) 0.612 (6) 0.3999 (15) 0.258 (4) 
H(4) 0.266 (6) 0.3468 (17) 0.139 (5) 
H(5) 0.237 (6) 0.2494 (15) 0.088 (4) 
H(6)' 0.438 (7) 0.1631 (17) 0.060 (5) 
H(7)' 0.695 (7) 0.1669 (17) 0.100 (5) 
H(8) 0.550 (6) 0.1485 (15) 0.337 (4) 
H(9) 0.810 (6) 0.1530 (14) 0.390 (4) 
H(10) 0.517 (6) 0.0683 (15) 0.191 (4) 
H(11) 0.751 (6) 0.0670 (15) 0.233 (4) 
H(12) 0.693 (6) 0.0027 (15) 0.404 (4) 
H(13) 0.585 (6) 0.0488 (14) 0.467 (4) 
H(14) 0.851 (6) 0.0551 (15) 0.528 (4) 

Thermal Parametersb for the Green Modification 

Atom P l l  0 2 2  P 3 3  PlZ 6 1 3  P 2 3  

CU 206 (2) 179 (1) 143 (1) l ( 1 )  69 (1) -2 (1) 
Cl(1) 335 (4) 319 (3) 235 (2) -41 (1) 173 (2) -41 (1) 
Cl(2) 336 (3) 192 (2) 179 (2) -12 (1) 138 (2) -5 (1) 
N 266 (11) 201 (7) 161 (6) -5 (2) 97 (7) -9 (2) 
C(1) 413(16) 208 (10) 111 (7) -10 (3) 90 (9) O(2) 
C(2) 407 (17) 239 (12) 198 (9) -6 (3) 119 (10) 4 (2) 
C(3) 552 (24) 292 (15) 221 (11) -49 (5) 139 (14) -4 (3) 
C(4) 852 (31) 230 (12) 190 (10) -1 (6) 203 (16) 4 (3) 
C(5) 564 (26) 377 (17) 221 (11) 52 ( 5 )  150 (15) 9 (3) 
C(6) 404 (19) 328 (14) 191 (9) -6 (4) 91 (11) -4 (3) 
C(7) 540 (19) 230 (10) 162 (8) -13 (3) 134 (10) -6 (2) 
C(8) 334 (15) 205 (9) 150 (8) -10 (3) 105 (9) -9 (2) 
C(9) 435 (17) 223 (10) 183 (9) 7 (4) 142 (10) 4 (3) 

a The positions of these atoms were only partially refined. 
form of the anisotropic thermal ellipsoid is exp[-(p,,h2 + PzzkZ t 
p S 3 l 2  + 2p,,hk + 2pI3h1 t 2p,,kl)]. All p's are X l o 4  except P 2 2  
whichis X l O ' .  

The 

the structure was considered complete. The conventional R for all 
1519 reflections is 0.112. The finaldifference map was similar to 
the previous one with major peaks being found around the C atoms 
that are seriously disordered. The two largest peaks are located 
close to  atoms C(l)  and C(6) and are approximately 0.25 and 0.20% 
of the respective peaks on the Fourier map. The difference map 
shows only small positive and negative peaks in the area of the Cu 
and C1 atoms, indicating the proper refinement of these atoms. 

The possibility that the disorder was only a manifestation of a 
refinement in an incorrect space group led to an attempt to refine 
the structure in space group Cc. Although the values of R and R ,  
decreased, many of the bond distances and angles produced as a re- 
sult of this refinement were chemically unrealistic. This, coupled 
with the very large correlation coefficients (up to 0.82) between 
parameters of atoms formerly related by the twofold axis, led to the 
conclusion that the space group was indeed C2/c. 

A table of observed and calculated structure amplitudes is avail- 
able.15 Final positional and thermal parameters are given in Table 
11. 

structures include the following: SYSABS, a local version of ORABS 
by W. R. Busing and H. A. Levy as modified by J. M. Williams, for ab- 
sorption correction; RFOUR, Fourier synthesis, by S. T. Rao, modi- 
fied by R. E. Davis; NUCLS, full-matrix least-squares refinement, 
ORFLS as modified by J. A. Ibers; DAEDS, distances, angles, and 

Computer Programs. Programs used to solve and refine the two 

Table I1 
Final Atomic Coordinates (with Esd's in Parentheses) for the Yellow 

Modification of (nmpH),CuCl, 

Atom X V 2 B, A' 
cu 0.0 
Cl(1) 0.0375 (2) 0.2480 (2) 0.4295 (3) 
Cl(2) 0.0779 (2) 0.0225 (6) 0.2470 (3) 
N 0.4180 (4) 0.6522 (14) 0.5014 ( 8 )  7.5 (3) 
C(1) 0.2577 (9) 0.5525 (26) 0.3720 (18) 13.4 (6) 
C(2) 0.2318 (8) 0.4574 (21) 0.4263 (13) 10.5 (5) 
C(3) 0.1693 (8) 0.4299 (20) 0.3712 (15) 10.4 (5) 
C(4) 0.1352 (6) 0.5044 (20) 0.2692 (14) 9.2 (4) 
C(5) 0.1581 (7) 0.6074 (20) 0.2146 (13) 10.3 (5) 
C(6) 0.2213 (9) 0.6278 (25) 0.2641 (18) 14.5 (7) 
C(7) 0.3299 (10) 0.5215 (29) 0.4038 (19) 7.1 (6) 
C(7P) 0.3242 (15) 0.6590 (50) 0.4819 (29) 9.0 (10) 
C(8) 0.3516 (8) 0.6600 (25) 0.4403 (15) 11.1 (5) 
C(9) 0.4447 (6) 0.8020 (17) 0.5655 (11) 8.2 (4) 

0.1523 (3) 0.25 

Anisotropic Thermal Parameters (X 10,) for Cu and C1 Atoms 

Atom PI1 PZ2 P 3 3  0 1 2  B , ,  P 2 3  

Cu 33 (1) 289(6) 107(3) 0 28 (1) 0 

Cl(2) 49 (1) 484 (13) 187 (5) 65 (4) 61 (2) 81 (7) 
Cl(1) 55 (2) 470(13) 136 (5) -39 (4) 42 (2) -101 (6) 

Figure 1. Bond distances and angles for the CuC1,'- anion in the 
green (left) and yellow (right) modifications. 

8 Q 

Q b 
Figure 2. Atom-numbering scheme for the nmpH+ cation. 

their estimated standard deviations, by D. R. Harris, modified by 
R. E. Davis; and ORTEP, by C. K. Johnson. 

Discussion 
Bond distances and angles for both modifications are 

shown in Figure 1 for the tetrachlorocuprate(I1) anion and 
are tabulated in Table I11 for the N-methylphenethylam- 
monium cation according to the atom-numbering scheme 
given in Figure 2 .  Hydrogen-bonding distances N-C1 and 
H-C1 are listed in Table IV and are illustrated in partial 
packing diagrams, Figures 3 and 4. The only other contact 
distance less than 3.5 a between nonhydrogen atoms was 
the C(9)- - -C(l') distance of 3.44 A in the yellow form. 
Table V gives the results of least-squares mean plane calcu- 
lations for the benzene ring in the two modifications. 

Tetrachlorocuprate(I1) Anion. Green Modification. Con- 
stricted to a planar configuration by crystallographic symme- 
try requirements, the CuC142- anion is nearly square planar 
with the Cl(l)-Cu-C1(2) angle being within one standard de- 
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Table 111. Bond Distances (A) and Angles (deg) for the nmpH Cation 
in the Green and Yellow Modifications of (nmpH),CuCl, (with 
Esd's in Parentheses) 

Values for the Nonhvdroaen Atoms 
Distances 

Atoms Green Yellow 
1.372 (6) 
1.373 (7) 
1.334 (9) 
1.349 (9) 
1.381 (8) 
1.384 (7) 
1.492 (5) 

1.502 (6) 

1.482 (5) 
1.478 (5) 

1.37 (3) 
1.43 (3) 
1.35 (3) 
1.36 (2) 
1.44 (3) 
1.41 (3) 
1.69 (3) 
1.86 (4) 
1.26 (3) 
1.02 (4) 
1 S O  (2) 
1.46 (2) 

Angles 
Green 

118.0 (4) 
120.4 (4) 
121.1 (5) 
120.1 (5) 
120.4 (6) 
120.1 (5) 
120.7 (4) 

121.3 (4) 

113.3 (3) 

112.1 (3) 

Yellow 
119 (2) 
120 (2) 
121 (2) 
122 (2) 
118 (2) 
120 (2) 
119 (2) 
111 (2) 
119 (2) 
121 (2) 
102 (2) 
102 (3) 
111 (2) 
125 (3) 

Values Involving Hydrogen Atoms (Green Form Only) 
Atoms Distances Atoms Distances 

C(2)-H(1) 0.95 (4) C(8)-H(8) 0.86 (4) 
C(3)-H(2) 0.83 (4) C(8)-H(9) 1.00 (4) 
C(4)-H(3) 0.90 (4) N-H(l0) 0.88 (4) 
C(5)-H(4) 0.85 (4) N-H(11) 0.89 (4) 
C(6)-H(5) 1.03 (4) C(9)-H(12) 0.92 (4) 
C(7)-H(6) 0.95 (4) C(9)-H(13) 1.00 (4) 
C(7)-H(7) 0.93 (4) C(9)-H(14) 0.99 (4) 

Atoms Angles 
116 (2) 
124 (2) 
115 (3) 
124 (3) 
117 (3) 
123 (3) 
128 (3) 
112 (3) 
122 (2) 
118 (2) 
113 (3) 
111 (3) 
106 (3) 
104 (3) 
111 (2) 
107 (3) 

Atoms 

C(7 )-C(8)-H(9) 
N-C(8)-H(8) 
N-C(8)-H(9) 

C(8)-N-H( 10) 
C(8)-N-H(11) 
C(g)-N-H(lO) 
C(9)-N-H(11) 
H( 10)-N-H(11) 
N-C(9)-H(12) 
N-C(9)-H(13 ) 
N-C(9)-H(14) 
H(12)4(9)-H(13) 
H(12)-C(9)-H(14) 
H(13)-C(9)-H(14) 

H(8 1-C (8 )-H(9) 

Angles 
111 (2) 
106 (2) 
107 (2) 
114 (3) 
108 (2) 
114 (2) 
110 (2) 
105 (2) 
106 (3) 
111 (2) 
107 (2) 
113 (2) 
102 (3) 
117 (3) 
105 (3) 

viation of 90" but with the Cu-C1 bond distances differing 
by 0.033 A, a small but significant amount. The Cu-C1 
bond lengths are undoubtedly affected by the different hy- 
drogen-bonding environments of the two C1 atoms (Table 
IV). Because Cl(1) is more closely approached by H atoms 
than is C1(2), it is not surprising that the Cu-Cl(1) bond 
length is longer. 

Previous X-ray studies?" of C U C ~ ~ ~ -  anions approaching 
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Table IV. Hydrogen-Bonding Distances (A) in the Green 
and Yellow Forms 

Atoms Distance Symmetry of C1 atom 

N-Cl(1) 

N-Cl(1) 
N-C1(2) 

N-Cl(2) 

AV N-CI 
H(lO)-Cl(l) 

H( 1 1 )-C1( 1) 
H( 1 O)-C1(2) 

H(ll)-Cl(2) 

Green Form 
3.349 (3) x, y ,  z 
3.312 (3) x, y ,  z 
3.223 (3) 
3.356 (3) 
3.310 
2.75 (4) x, y, z 
2.49 (4) x, y ,  z 
2.40 (4) 
2.76 (4) 

3.55 (1) 
3.35 (1) ' 1 2  - x, t y ,  - 2 

3.45 (1) 
3.44 (1) 
3.45 

1 + x, y ,  z 
1 -x ,  -y, -Z 

1 + x, y ,  
1 -x, -y, -z 

' / z  + x, ' 1 2  + y ,  z 

1 I 2  - x, ' 1 2  - y ,  1 - z 
1 1 2  - x, ' I 2  - y ,  1 - z 

Yellow Form 

Table V. Least-Squares Mean-Plane Calculations for the Benzene 
Ring in the Green and Yellow Forms of (nmpH),CuCl, 

Equation of Plane 
Green form: 0.31738 t 0.2046Y - 0.92602 - 0.931 1 = 0 

Yellow form: 0.3564X- 0.7876Y - 0.50272 + 4.1164 = 0 
Perpendicular Distances (A) to the Plane (with Esd's) -- 

Atoms Green Yellow Atoms Green Yellow 
C(l)a -0.003 (4) 0.006 (21) C(7) -0.054 (4) 0.605 (24) 
C(2)a 0.006 (4) -0.026 (17) C(7P) -0.928 (39) 
C(3)a -0.003 (5) 0.016 (17) H(1) -0.02 (3) 
C(4)a -0.003 (5) 0.012 (16) H(2) -0.08 (4) 
C(5Ia 0.005 ( 5 )  -0.031 (17) H(3) 0.03 (4) 
C(6)a -0.002 (4) 0.022 (21) H(4) 0.07 (4) 

H(5) -0.02 (3) 
a Used in the plane calculations. 

square-planar coordination have yielded Cu-Cl distances 
ranging from 2.264 to 2.332 A with the C1-Cu-C1 angles all 
being within one standard deviation of 90". The CuC14'- 
anion in each of these structures also has two C1 atoms from 
neighboring anions occupying octahedral sites with Cu-Cl 
distances varying from 2.79 to 3.10 A. In the green form 
of (nmpH),CuCl, no such "octahedral" bonding occurs, 
giving rise to the unusual electronic spectrum discussed be- 
low and probably accounting for the unusually short Cu-C1 
distance of 2.248 A. 

Tetrachlorocuprate(I1) Anion. Yellow Modification. 
When the green form of (nmpH),CuC14 is heated to 80" 
and converted to the yellow form, a transformation takes 
place whereby the C1 atoms of the square-planar CuC142- 
anion move out of the plane in a manner such as to produce 
a coordination geometry in the shape of a flattened tetra- 
hedron. Although the crystallographic twofold axis con- 
stricts the anion to approximate D,, symmetry, the result- 
ing tetrahedron is somewhat irregular because the Cl(2) and 
Cl(2') atoms have moved further out of the plane than Cl(1) 
and Cl(l'), giving rise to a C1(2)-Cu-C1(2') angle of 123.0" 
as compared with 138.1" for the Cl(1)-Cu-Cl(1') angle. Ac- 
companying this change in coordination is a weakening of 
the hydrogen-bonding network (Table IV) and a correspond- 
ing shortening of Cu-Cl bonds (Figure 1). The average hy- 
drogen-bonding N-C1 distance in the green form is 3.310 A 
which increases to 3.45 A in the yellow form. The longer 
Cu-Cl distance is once again associated with the C1 atom 
which is engaged in the strongest hydrogen bonding. The 
Cu-Cl bond distances are within the range 2.18-2.28 A 
found for other C U C ~ ~ ~ -  anions with flattened tetrahedral 
coordination.2-6 The Cl(1)-Cu-Cl(1') angle of 138.1" is 
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Figure 3. Partial packing diagram of the green modification of (nmpH),CuCl,. 

Figure 4. Partial packing diagram of the yellow modification of (nmpH),CuCI,. 

slightly larger (2") than those previously reported, but all 
other angles are in agreement. 

N-Methylphenethylammonium Cation. Both Modifica- 
tions. In the green form the nmpH cation refined to expec- 
ted values for the bond distances and angles. The unreason- 
ably short distances for C(3)-C(4) and C(4)-C(5), 1.334 and 
1.349 A, respectively, are a direct result of the large thermal 
motions of these atoms as is easily seen in Figure 3. At- 
tempts to correct the bond distances for these motions have 
not been made. The benzene ring is planar to within 1.50 
(Table V) with C(7), the C atom of the side chain adjacent 
to the benzene ring, bent slightly out of the plane by 0.054 
A. 

In the case of the yellow form, the isotropic thermal mo- 
tions for many of the atoms in the nmpH cation are a direct 
result of the inability to account for the disorder that was 
found [particularly affected are C(1), C(6), and C(S)]. The 
disordered atoms have refined to average positions yielding 
deceptively fortuitous distances and angles within the ben- 
zene ring but totally unreasonable values for atoms C(7) 
and C(7P) which are bonded to the ring. Bond distances 
and angles around C(8) have also been seriously affected. 
The N atom appears to have refined well, indicating that it 
is held in place by hydrogen bonds. Thus, although no 
faith can be placed in any of the interatomic distances and 
angles, the hydrogen-bonding distances N-C1 are probably 
reliable. The disorder can be pictured (with some imagina- 
tion) in Figure 4 which shows the two atoms C(7) and 
C(7P) both bonded to the ring and to atom C(8); the rela- 
tive disorder of the other atoms in the cation can be seen to 
vary directly with the size of their respective ellipsoids. The 
benzene ring was found to be planar within 20 but the dis- 
order has caused C(7) to be 0.61 (2) A above the plane 
whereas C(7P) is 0.93 (4) A below the plane. 

Electronic Spectra. Tetrachlorocuprate(I1) anions16' l7 

(16) W. E. Hatfield and T. S .  Piper, Inorg. Chem., 3, 841 (1964). 

having tetragonally distorted octahedral geometry give an 
absorption maximum for the highest energy d-d transition 
of Cu(I1) (3d9) at approximately 13,000 cm-' whereas the 
d-d transition for the flattened tetrahedral species occurs 
at approximately 9000 cm-' . The [Pt(NH3)4] [CuC14] com- 
plex has an absorption maximum'6317 at 14,300 cm-'. It 
is probably square planar with respect to C1 atoms but has 
axial Cu-Pt interactions so that the d-orbital splitting is 
smaller than would be the case for truly square-planar co- 
ordination. The solid-state electronic spectrum of the (nm- 
pH),CuC14 at 77°K showed three distinct peaks at 16,900, 
14,300, and 12,500 cm-', which shifted to 16,100, 13,600, 
and 11,500 cm-' at 25". In the case of the yellow form at 
go", a single maximum with a broad tail extending to lower 
energies was observed at approximately 9100 cm-' . A 
similar spectral curve was obtained for solutions of (nmpH),- 
CuC1, in nitromethane at 25', with the maximum shifted 
to 10,500 cm-'. The spectra of the solid-state high-tem- 
perature modification (yellow) and of the solutions agree 
well with the spectra of CuC14,- with established tetrahe- 
dral symmetry, but the spectrum of the low-temperature 
modification shows maxima at higher energies than the spec- 
trum of tetragonally distorted octahedral complexes and of 
[Pt(NH3)4] [CuC14]. An increase in the overall splitting of 
the d-orbitals is expected in an octahedral environment as 
the ligands on the z axis are gradually withdrawn, with the 
limiting case being reached in the four-coordinate square- 
planar arrangement .18 In the case of the green modifica- 
tion of (nmpH),CuC14 there are no interactions that are 
short enough to be interpreted as bonding interactions be- 
tween the Cu atom and any other atom in a direction nor- 
mal to the CuC14,- plane. 

(17) R. D. Willett, 0. L. Liles, Jr.,  and C. Michelson, Inorg. Chem., 

(18) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chem- 
6, 1885 (1967). 

istry," 3rd ed, Interscience, New York,  N. Y., 1972,  p 560. 
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An attempt has been made to correlate overall rate constants for metal complex formation reactions obtained by transient 
relaxation methods with the rate constants for the ratedetermining step obtained by the ultrasound absorption technique. 
Sound absorption measurements on aqueous samarium sulfate solutions have been made as a function of the ionic strength 
of the medium. The supporting electrolyte was NaClO,. No significant dependence of the rate constant for the rate-con- 
trolling step on ionic strength was observed. In the sound absorption spectra of aqueous samarium malonate solutions a 
new relaxation was observed at frequencies lower than that for samarium sulfate. This new relaxation has been attributed 
to a ratedetermining ring-closure step. On a complete steady-state kinetic analysis of the multistep complex formation 
mechanism there was fair agreement between the calculated overall forward-rate constant and the value obtained experi- 
mentally by transient methods. 
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Introduction 
The complexation of a metal ion by a ligand in solution 

can, in general terms, be described by the equation 

M + L f M L  (1) 

If the process is fast it is possible to study it by transient 
and by steady-state relaxation techniques. The former 
approach usually gives overall forward (kf) and backward 
(k,,) rate constants while the latter yields stepwise rate con- 
stants (kij). The correlation between rate constants from 
the various methods can lead to a fuller interpretation of the 
overall stepwise mechanism which involves an uncertain num- 
ber of steps. It is the purpose of this article to attempt such 
a correlation. 

Excluding competing reactions such as hydrolysis etc., the 
generalized observed rate law for the formation of ML ac- 
cording to (1) is given by3 

The reaction involves a number of successive steps only one 
of which is rate controlling? Three types of mechanisms 
have been described which are equally compatible with the 
rate law? (1) dissociative, D; (2) associative, A; and (3) 
interchange, I. The mechanistic labels are descriptive of the 
fundamental differences in the structures of the activated 
complex. In terms of a multistep mechanism for complex 
formation the Diebler-Eigen (DE) concept4 or some modifi- 

(1) Abstracted in part from Ph.D. dissertation of M. M. F., 

(2) On sabbatical leave to the Department of Chemistry, Univer- 

(3)  F. Basolo and R .  G. Pearson, “Mechanisms of Inorganic 

(4) H. Diebler and M. Eigen, Z .  Phys. Chem. (Frankfur? am 

(5) C. H. Langford and H. B. Gray, “Ligand Substitution Pro- 

Okalahoma State University, May 1973.  

sity of Utah, Salt Lake City, Utah 

Reactions,” 2nd ed, Wiley, New York, N. Y., 1967.  

Main), 20, 229 (1959). 

cesses,” w. A. Benjamin, New York, N. Y., 1965.  

841 12.  

cation of it is still in favor. Two-step mechanisms are as prev- 
alent as the original three-step (DE) mechanism in the cur- 
rent literature. 

ing a particular mechanism and in the majority of cases the 
evidence appears to favor a dissociative mechanism in which 
the rate-controlling step is cleavage of the metal-water bond 
to produce a metal ion of reduced coordination number in 
the transition state.3 Working on this premise the overall 
effective forward rate constant can be related to k34, the 
constant for the rate-controlling step in the (DE) description, 
by the equation3 kf = Kokw, where KO is the outer ion-pair 
formation constant usually calculated from theory.‘” If 
the mechanism is truly dissociative, then kw is equal to k,,, 
the rate constant for solvent exchange. According to the 
steady-state kinetic analysis of the multistep process this 
elementary correlation between rate constants is only valid 
when the rate constants for the previous faster steps are 
much greater than the rate constants for the rate-determining 
step.’ In cases where the rate of water exchange is rapid 
there is poor correlation between kf measured and kf calcu- 
lated using kf = Kok3. Some improvement is obtained if a 
steady-state kinetic analysis is done, replacing KO by a func- 
tion which consists only of rate constants for the faster 
steps.’$ The function which gives the best correspondence 
between observed rate constants is indicative of the number 
of steps in the mechanism. 

An example of a system in which water exchange on the 
cation is rapid and for which a number of kinetic studies 

Much effort has been directed at the means for distinguish- 

(6) R .  M. Fuoss, J. Amer. Chem. SOC., 8 0 ,  5059 (1968). 
(7) N. Bjerrum, Kgl. Dan. Vidensk. Selsk., Mat.-Fys. Medd., 

( 8 )  G .  S .  Darbari, F. Fittipaldi, and S .  Petrucci, Acustica, 2 5 ,  

(9) M. M. Farrow and N. Purdie, Coord. Chem. Rev., 11,  189 

7 ,  No. 9 (1926). 

125 (1971) .  

(1973). 


