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Figure 3. Epr spectrum of Cu(OMPA)y(ClO,). at 297°K.

terested in whether these compounds would give epr
spectra similar to those found for Cu(OMPA);(ClO,)s.
The 88°K spectra for the other organophosphorus che-
lates have the appearance of intermediate spectra of the
type obtained for Cu(OMPA);(ClO.). at higher tem-
peratures (100-150°K). The spectrum of the latter
compound does not become completely anisotropic
until 95°K. The other organophosphorus chelates
would require lowering the temperature to about 50°K
to obtain completely anisotropic spectra.

Table II is a tabulation of g, and g, for the tris
chelates as determined from the experimental spectra

Table II. Epr Data for Tris Chelates
297°K —0-88°K
Compound g gL &l
Cu(OMPA);(ClOy)- 2.25 2.08 2.52
Cu(NIPA):(ClOy). 2.26 2.17 2.42
Cu(PCP);(CiO,). 2.24 2.12 2.44
Cu(IPCP)i(ClOy), 2.25 2.13 2.47

(see the introduction section for structures of ligands
and abbreviations). The g values were calculated from
the experimental spectra, since all except Cu(OMPA);-

(ClOy), give intermediate spectra at 88°K. The values
of g, are among the highest known for Cu(II). The
only other tris chelates of Cu(II) which have been in-
vestigated are dipyridyl (g, = 2.046, g, = 2.268),!% o-
phenanthroline (g, = 2.064, g, = 2.273),!* and a
mixed complex Cu(hfacac)y(bipy), which has g, =
2.056and g, = 2.299.15

Another comparison of interest is that of epr data for
bis chelates of Cu(Il) with organophosphorus ligands.

Table III contains g values for these systems. Figure 3
Table III. Epr Data for Bis Chelates at 297°K
Compound g 8L
Cu(OMPA){(ClOy), 2.44 2.09
Cu(NIPA),(CIOy): 2.45 2.10
Cu(PCP)(CIO,). 2.50 2.08

is a typical anisotropic spectrum at 297°K for the com-
pounds listed in Table ITI. The X-ray structure of Cu-
(OMPA)Q(CIO4)2 has been reported.’” The Cu(Il) ion
is in a tetragonal environment with equatorial distances
of 1.94 A and an axial distance of 2.55A. For a known
tetragonal system of OMPA an anisotropic spectrum is
observed at 297°K. However, the g values are not
very different from those given in Table II for tris
chelates.
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Some solid complexes of general composition M(HAA)™ for copper, nickel, and zinc and M(HAA), for

nickel and zinc, with glycylglycine, glycyl-L-leucine, and L-leucylglycine, have been prepared. The magnetic
susceptibilities over the temperature range 85-300°K indicate that the complexes are magnetically normal and the

data are consistent with a coordination number six ligand environment,

The infrared spectra of the solid-state and

visible spectra of the solutions are consistent with the bonding of the peptide-amide nitrogen in the copper com-
plexes, and the peptide-amide oxygen in the nickel (zinc) complexes.

here have been numerous reports in the literature
on solution measurements of the interaction of
copper(Il), nickel(II), and zinc(IT) ions with glycine,

(1) This article was based upon a dissertation submitted by M. L. Bair

leucine, and their peptides; for example, see Bryce, et
al.,? Martin, et al.,* Grant and Hay,* Nancollas, et

in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at the University of Wisconsin, 1967.
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al.’ and Kim and Martell.®” However, few of the
peptide complexes studied have been isolated in
the solid state and analyzed, and except for those
whose structures have been determined (glycylglyci-
natocopper(Il)-3-water,? glycylglycylglycinatocopper(II)
chloride-1.5-water,® and bisglycylglycinatozinc(II)-2-
water!?), the coordination and bonding are still a ques-
tion for discussion.®” Here we present spectral and
magnetic measurements on a number of new complexes,
on the basis of which conclusions regarding the iden-
tity of the ligand atoms are made.

The following abbreviations of the amino acids and
peptides are used for convenience: NH;—-CHR-
COO-, HG (R is H), HL (R is isobutyl); NH.-CHR-
COO-, G-, L-; NH;+CHR-CO-NH-CHR'-COO-,
H.GG (R, R’ are both H), H:GL (R is H, R’ is iso-
butyl), H.LG (R is isobutyl, R’ is H); NH,~-CHR-CO-
NH-CHR'-COO-, HGG, etc.; NH,-CHR-CO-N—
CHR'-COO0~, GG, etc.; NH;+~CH,~-CO-NH- CH,-
CO-NH-CH,-COO~, H;GGG; NH,-CH,-CO-NH-
CH,-CO-NH-CH,-COO—, H-GGG.

Experimental Section

Reagents. Copper(II) chloride (CuCl;-2H:0), nickel(II) chlo-
ride (NiCl;-6H;0), and zinc(I1) chloride (ZnCl,-2H,0) were all
Baker reagent grade products. The amino acids were obtained
from Nutritional Biochemical Co., the peptides from Mann Re-
search Laboratories,

Preparations. In all of the following preparations, water is
used as the solvent. As all the complexes except the leucinates
are very water soluble, it is important to use only the minimum
amount of water necessary to dissolve the amino acid or peptide.

Glycinatocopper(Il) Chloride-1-Water. A solution made from
sodium hydroxide (40.00 mmol) and glycine (40.00 mmol) is
mixed with an aqueous solution containing CuCl; (85.00 mmol).
A blue-green solution results, from which any residue is re-
moved by filtration. Ethanol is added to the filtrate and upon
standing, a blue-green precipitate appears, which is filtered, rinsed
with ethanol, and dried in vacuo. The yield is approximately
80%. Anal. Caled for CuGCl-H,O: N, 7.33; Cu, 33.26.
Found: N, 7.15; Cu, 32.88.

Glycylglycinatocopper(II) Chloride-1-Water. To an aqueous
solution containing CuCl; (1.250 mmol) is added a solution of
glycylglycine (1.000 mmol). The resulting blue-green solution is
well mixed before adding ethanol. Upon standing, blue-green
crystals are deposited which are collected, washed with ethanol,
and dried in vacuo. A much higher yield (about 90%) is obtained
if NaOH (0.900 mmol) is added to the glycylglycine. Anal.
Calcd for Cu(HGG)CI-H,O: O, 25.79; N, 11.28; Cl, 14.29;
Cu, 25.60. Found: O, 26.20; N, 11.18; Cl, 14.27; Cu, 25.34.

L-Leucylglycinatocopper(II) Chloride-2-Water. To an aqueous
solution containing CuCl; (1.700 mmol) is added a solution made by
mixing H.LG (1.600 mmol) and NaOH (1.500 mmol). The
resulting blue-green solution is evaporated to dryness at room
temperature, dissolved in a minimum of water (2-3 ml), and
filtered to remove any residue. Ethanol is added to the filtrate
and upon standing, a blue-green powder is deposited, which is
filtered, rinsed with ethanol, and dried in air. The yield is 70%.
Anal. Caled for Cu(HLG)CI-2H,O: Cu, 19.72; N, 8.69;

(2) G. F. Bryce, J. M. H. Pinkerton, L. K, Steinrauf, and F. R. N,
Gurd, J. Biol. Chem., 240, 3829 (1965).

(3) R. B. Martin, M, Chamberlin, and J. T, Edsall, J. Amer. Chem.
Soc., 82, 495 (1960),

(4) L. J. Grant and R. W. Hay, Adust, J. Chem., 18, 1189 (1965).

(5) A. P. Brunetti, M. C. Lim, and G. H. Nancollas, J. Amer. Chem.
Soc., 90, 5120 (1968).

(6) M. K. Kim and A. E. Martell, Biochemistry, 3, 1169 (1964).
(19(g;)M. K. Kim and A. E. Martell, J. Amer. Chem. Soc., 91, 872

(8) B. Strandberg, I. Lindquist, and R. Rosenstein, Z. Kristallogr.,
Kristallgeometrie, Kristallphys., Kristalichem., 116, 266 (1961).

(9) H. C. Freeman, G. Robinson, and J. C. Schoone, Acta Crystal-
logr., 17, 719 (1964).

(10) C. Sandmark and 1. Lindquist, 1965, as reported in H. C. Free-
man, Adcan, Protein Chem., 22, 330 (1967).

1141

C, 29.80; H, 5.27. C, 29.41
H, 5.29.

Glycyl-L-leucinatocopper(II) Chioride. To an aqueous solution
made from glycyl-L-leucine (3.000 mmol) and NaOH (2.500 mmol)
is added a solution of CuCl, (3.400 mmol) in water. The resulting
blue-green solution is evaporated to dryness, redissolved in a
minimum amount of water (2-3 ml), and filtered to remove any
residue. Ethanol is added to the filtrate and upon standing, a
blue-green powder is deposited, which is collected, rinsed with
ethanol, and dried in air. The yield is 80%. Anal. Calcd for
Cu(HGL)Cl: Cu, 22.20; Cl, 12.39; N, 9.78; H, 5.25. Found:
Cu, 22.07; C1,12.30; N,9.80; H,5.36.

Bis(L-leucylglycinato)nickel(II)-2.5-Water. A water solution
containing NiCl, (0.9000 mmol) is added to a solution made from
L-leucylglycine (1.800 mmol) and NaOH (1.800 mmol). The
blue-green solution produced is evaporated to dryness, redissolved
in a minimum amount of water, and filtered to remove any residue.
The addition of ethanol to the filtrate produces a light blue pre-
cipitate, which is collected, rinsed with ethanol, and dried in vacuo.
The yield is 609. Anal. Calcd for Ni(HLG),-5H,O: Ni, 12.28;
C, 40.16; H, 7.32; N, 11.70. Found: Ni, 12.36; C, 40.72;
H,7.62; N,11.77.

Glycylglycinatonickel(IT) Chloride-1.5-Water. An aqueous solu-
tion containing NiCl, (3.000 mmol) is added to a solution of gly-
cylglycine (1.000 mmol). A green solution of a slightly different
color than NiCly is produced. Ethanolis added and upon standing
for several days, a green precipitate is deposited. The precipitate
is collected, rinsed with ethanol, and dried in vacuo. The yield is
approximately 40%. Anal. Caled for Ni(HGG)CI-1.5H:O:
Cl, 14.09; N, 11.12. Found: Cl, 14.18; N, 11.33,

Glycylglycinatozine(II) Chloride-0.5-Water. An aqueous solu-
tion made from glycylglycine (1.000 mmol) and NaOH (1.000 mmol)
is added to a solution of ZnCl. (3.0 mmol) in water. The white
residue produced upon mixing is removed by filtration and ethanol
is added to the filtrate. Upon standing for several days, colorless
platelets are deposited. The product is collected, rinsed with
ethanol, and dried in vacuo. The yield is approximately 60%.
Anal, Calcd for Zn(HGG)C1-0.5H:.O: Cl, 14.70; N, 11.61.
Found: Cl,14.54; N, 11.52,

Bis(L-leucinato)zinc(II). To an aqueous solution prepared by
mixing L-leucine (20.10 mmol) and sodium hydroxide (16.00 mmol)
is added ZnCl, (80.00 mmol) in water. A white precipitate
appears at once, The mixture is stirred for several hours, filtered,
washed well with water, and then dried in air. The yield is quan-
titative. A4nal. Calcd for Znl,: N, 8.60; C, 44.21; H, 7.37.
Found: N,8.59; C,44.15; H, 7.24,

The following compounds were prepared according to previously
reported procedures.

cis-Bis(glycinato)copper(1l)}-1-Water.!!
H:0: Cu, 27.66. Found: Cu, 27.65.

trans-Bis(glycinato)nickel(I1)-2-Water.!2 Anal. Calcd for NiG,-
2H.O: N, 11.53; C, 19.77; H, 4.94. Found: N, 11.60; C,
19.89; H, 4.98.

trans-Bis(glycinato)zine(II)-1-Water.3 Anal. Calcd for ZnG,-
H.O: N, 12.09; C, 20.73; H, 4.32. Found: N, t2.16; C,
20.59; H, 4.58.

Bis(L-leucinato)copper(1I).1¢ Anal.
N, 8.65; C, 44.46; H, 7.41.
44.23; H, 7.43.

Bis(L-leucinato)nickel(II)-2-Water.®* A4nal. Calcd for NiL,-
2H,O: Ni, 16.65; N, 7.87; C, 40.60; H, 7.88. Found: Ni,
16.43; N, 7.79; C, 40.80; H,7.93.

Bis(glycylglycinato)zine(I1)-2-Water.'¢  4nal. Calcd for Zn-
(HGG),-2H,0O: C, 26.40; N, 1540; O, 35.20; Zn, 17.98.
Found: C,26.34; N,15.26; O, 35.01; Zn, 17.92.

Glycylglycinatocopper(I)-3-Water.”” Anal, Calcd for CuGG-
3H,O: Cu, 25.65; N, 11.31; C, 19.38; H, 4.85. Found: Cu,
25.54; N, 11.62; C, 20.16; H, 5.04. The copper analysis was

Found: Cu, 19.78; N, 8.58;

Anal. Calcd for CuGe-

Calcd for CuL,: Cu, 19.62;
Found: Cu, 19.62; N, 8.78; C,

(11) R. A. Condrate and K, Nakamoto, J. Chem. Phys., 42, 2590
(1965).

(12) A. Stosick, J. Amer. Chem. Soc., 67, 365 (1945).

(13) B. W. Low, F. L. Hirshfeld, and F. M. Richards, ibid., 81, 4412
(1959).

(14) D. P. Graddon and L. Munday, J. Inorg. Nucl. Chem., 23, 231
(1961).

(15) A. Rosenberg, Acta Chem. Scand., 10, 840 (1956).

(16) A. Rosenberg, ibid., 11, 1390 (1957).

(17) M. Tomita, N. Haramura, H. Tamiya, M. Takehara, and K.
Tomita, Z. Physiol. Chem., 295, 128 (1953).
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Table I. Magnetic Data for Copper(II) and Nickel(II) Complexes
Xu’ X 10
T, °K ¢is-CuG-H:0 CuGCl-H;0 CuL, Cu(HGG)Cl-H:.0O CuGG-3H:0 Cu(HGL)Cl
85.8 4894 5360 5156
86.0 4912
87.8 4853
91.2 4876 4667 4509
99.5 4278 4612 4302 4293 4111
116.1 3926 3886 3674 3521
133.0 3228 3060
149.3 2877 3048 3036 2884 2786
166.0 2610 2448
183.9 2268
201.6 2170 2283 2286 2164 2152 2052
219.7 1940
236.8 1852 1788
254.4 1750 1804 1856 1702
272.4
293.2 1524
295.0
295.8
296.7 1462 1493
297.2
298.2 1530 1519
298.7
299.2 1616 1452
299.7 1553
300.7
Hett® 1.81 1.92 1.86 1.84 1.83 1.83
g —-1.8 —0.5 +0.6 +1.4 -1.2 +5.5
TIP (obsd) 152 9 175 101 58 103
X 108

@ The susceptibilities are corrected for diamagnetism (obtained from standard sources).

done by electrodeposition of a freshly prepared sample; the others
were done by standard microtechniques. Presumably in the
preparation of the latter samples, dehydration took place.

Glycylglycylglycinatocopper(II)-1.5-Water.®* Anal. Calcd for
Cu(H.GGG)Cl-1.5H:0: Cu, 20.25; N,13.34; Cl,11.28. Found:
Cu, 19.78; N, 13.32; Ci, 11.26.

Bis(glycylglycinato)nickel(II)-2-Water. !
(HGG).-2H,0: C, 26.89;
26.72; H,5.18; N,15.57.

Analytical Methods. Carbon, hydrogen, nitrogen, oxygen, zinc,
and nickel were analyzed commercially,!’® The copper analysis
was done by electrodeposition. In the absence of chloride ion,
standard methods were used; in the presence of chloride, the
decomposition was done in HCI solution containing hydroxyl-
amine, !?

Spectra. Visible spectra were obtained using a Cary-14 record-
ing spectrophotometer and a Beckman DB with a recorder., The
spectra are of aqueous solutions made by dissolving the solid in
doubly distilled water. The concentrations are of the range 1 X
10-2-2.5 X 1072 M for the copper(Il) and 2.5 X 1072-4.5 X 102
M for the nickel(II) solutions. No adjustments were made in the
pH, nor were any buffers added. Infrared spectra were run as mulls
(halocarbon and Nujol) on a Beckman IR-10 using NaCl, KBr, and
Csl plates and standardized with polystyrene.

Magnetic Measurements. A Gouy balance was used to determine
the magnetic susceptibilities over the range of 85-300°K. The
balance was equipped with a cryostat similar to that described by
Figgis.2® The field was produced by a Varian magnet (Model No.
V-4004) using a 2-in. pole gap and was checked by means of a flip
coil which varied with the amperage supplied to the magnet by a
Varian power supply (Model No. V-2301-A). Mercury tetra-
thiocyanotocobaltate(II) was used to calibrate the tubes.?! The
gram susceptibility at 20° was taken to be 17.44 X 107% cgs unit.
Weight changes were measured at 4.4, 5.4, and 6.2 kg. Several

Anal.
H, 5.04; N,

Calcd for Ni-
15.69. Found: C,

(18) Alfred Bernhardt, Mikroanalytisches Laboratorium, 433 Mul-
heim (Ruhr), West Germany.

(19) H. Diehl and R. Brouns, fowa State Coll. J. Sci., 20, 155 (1945),

(20) B. N. Figgis and R. S, Nyholm, J. Chem. Soc., 331 (1959).

(21) B. N. Figgis and R. S. Nyholm, ibid., 4190 (1958).

b The magnetic moments are also corrected for

measurements were made at each temperature and at each field
strength; corrections were made for the diamagnetism of the glass
tube.

The method of calculation of the magnetic moments is based
upon that of Benzie and Cooke.2?? The temperature-independent
paramagnetism (TIP, N,) was determined by a least-squares fit of
the data to the equation Xn’ = Ci/T + No (Xn' is the susceptibility
corrected for diamagnetism). Then, a least-squares fit of Xu’’ =
C/(T + 6) (Xx’’ is the susceptibility corrected for diamagnetism
and TIP) gave 4, the Weiss constant, The magnetic moment was
calculated from perr = 2.828[Xx’/(T + 6)]'/% Plots of X’ vs.
1/T and 1/Xy’’ vs. T gave straight lines, C; and C, are identical
for the same compound, and the moments do not vary with tem-
perature. The susceptibilities were not field dependent.

Results and Discussion

It is important to note that the solid-state peptide
complexes of copper, nickel, and zinc prepared here
have retained the peptide-amide proton upon coordina-
tion. All the complexes were recovered from solu-
tions with a OH~/H,AA ratio of 0.8 to 1.0, with the ex-
ception of Cu(HGG)CI-H,O and the corresponding
nickel compounds, which were recovered from solu-
tions of the dipeptide and metal salt alone. Because of
their high solubility in water, the products were pre-
cipitated or crystallized from these solutions by the ad-
dition of ethanol. The compound Ni(HGL). could
not be isolated in the solid state. Thus the absorption
spectrum reported is one of a solution prepared by mix-
ing NiCl,, H,GL, and NaOH in the molar ratio 1:2.00:
2.00, a procedure justified by the fact that the spectra of
solutions of Ni(HLG), prepared in this way and by dis-
solving the solid complex in water were identical.

(22) R. 1. Benzie and A. H. Cooke, Proc. Phys. Soc. London, Sect. 4,
64, 124 (1951).
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Xn' X 100
Cu(HLG)Cl- Cu(H.GGG)Cl- trans-NiG,- Ni(HGG)Cl- Ni(HGG), - Ni(HLG), -
2H,0 1.5H,0 2H,0 NiL, - 2H,0 1.5H,0 2H,0 2.5H,0
14,193 14,425
14,722 13,626
4771 4677 13,126 11,476
4320 4324 12,563 12,497 13,001 10,616
3769 3715 10,623 10,704 10,310 9,067
3285 3213 9,756 7,977
3000 2856 8,320 8,400 8,064 9,150
2673 2576 7,877 6,466
2438 2349 6,661 5,964
2252 2149 6,195 6,320 6,532 5,438
2035 1987 5,662 5,021
1942 1840 4,662
1793 1733 4,944 4,995 5,228 4,912 4,348
1691 1623 4,591 4,106
1477

3,815

1526

4,321
4,527 4,341
4,283
1.81 1.83 3.13 3.12 3.20 3.10 2.84
—-1.9 +0.8 +0.5 —-0.3 +1.3 +2.3 —-0.1
146 55 22 246 25 35 394
TIP.

Magnetic Properties. In general, the magnetic mo-
ments and TIP values (Table I) of the nickel (II) com-
plexes are consistent with a structure in which nickel(II)
is surrounded by six ligand atoms in a somewhat dis-
torted octahedral environment.?3-2% In the case of Ni-
(HLG) 2.5H,0, the spin-only magnetic moment indi-
cates complete quenching of the orbital contribution
and may reflect a ligand geometry with greater than
normal distortion from octahedral symmetry.

The magnetic moments of the copper(Il) complexes
are consistent with structures in which the copper(Il) is
in a substantially distorted octahedral environ-
ment.2126%  Depending upon whether the fifth and
sixth ligand atoms are considered to be outside bonding
distances, the structures in some instances may be
preferentially described as five-coordinate pyramidal or
four-coordinate square planar. The large experi-
mental values of the TIP for many of the copper com-
pounds compared to the calculated values of 60 =
10 X 10-% cgs unit also suggest that the structures of
these compounds deviate substantially from the O,
symmetry of the model.

The fact that the nickel(II) and copper(II) complexes
have magnetic moments which are essentially indepen-
dent of temperature and Weiss constants that are small
rules out solid-state polymeric structures in which the
magnetic dipoles interact with one another either di-
rectly or via chloride or carboxyl bridging ligands.

(23) B. N. Figgis and J. Lewis, Progr. Inorg. Chem., 6, 37 (1964),

(24) D. M. L. Goodgame, M. Goodgame, and M. 1. Weeks, J. Chem.
Soc., 5194 (1964).

(25) M. E. Frago, J. M. James, and V. C. G. Trew, ibid., 728 (1967).

(26) B. N. Figgis and C. M. Harris, ibid., 855 (1959).
(27) W. E. Hatfield and T. S. Piper, Inorg. Chem., 3, 841 (1964).

Infrared Spectra. The assignments of the infrared
spectra of the peptides and their complexes are based
on those of Suzuki, et al., Lauliclt, et al., Condrate and
Nakamoto, and Jackovitz and Walter for glycine,?: 2
leucine,®® and their metal complexes,!'3 and Mi-
yazama, et al., for secondary amides.?!, Only absorp-
tions (Table II) tentatively assigned to the ligand func-
tions of the peptide are included. The complexity of
the structures precludes any unambiguous empirical
assignment, especially below 1400 cm~!. The exten-
sive hydrogen bonding of the peptides makes it difficult
to rationalize frequency shifts upon metal coordina-
tion because of the accompanying changes in the extent
and nature of the hydrogen bonding. Thus structural
interpretations should be viewed as consistent with the
assignments but not proved by them.

It is interesting to note that glycylglycine and L-
leucylglycine show only the absorptions corresponding
to the zwitterion structure, whereas glycyl-L-leucine and
glycylglycylglycine show absorptions of nonionized
~COOH as observed by Blout and Linsley?? for some
dipeptides.

The potential ligand atoms of the coordinated pep-
tide are the terminal NH, group, one or both oxygen
atoms of the carboxyl group, and either the oxygen or

(28) S. Suzuki, T. Shimanouchi, and M. Tsuboi, Spectrochim. Acta,
19, 1195 (1963).

(29) 1. Laulicht, S, Pinchas, D. Samuel, and I. Wasserman, J. Phys.
Chem., 70, 2719 (1966).

(30) J. F. Jackovitz and J. L. Walter, Spectrochim. Acta, 22, 1393
(19(5?3’1 Miyazama, T. Shimanouchi, and S. Mizushima, J. Phys.
Chem., 24, 408 (1956).

(32) E. R. Blout and S. G. Linsley, J. Amer. Chem, Soc., 74, 1946
(1952).
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Table II. Infrared Spectral Assignmentse of the Peptide and Peptide Complexes (cm—1)
Assignments H.GG H,LG H.GL H;GGG CuGG-3H;0 Cu(HGG)Cl-H:0
»(NH) amide 3280 s 3350 m 3270 sh? 3300 st 3160 sh?
3420 m? 3260 sh? 3110 sh¢
»(NH;) 3110 sh 3340 s 3330 m
3300 s 3300 m
3280 s 3260 m
3200 s 3220 sh
Vas(NH3+) 3000 S 3140 w 3040 m
vo(NH;*) 2620 w 2520 w 2680 w
»(COOH) ) 1690 m 1708 sh
Amide 1 1670 sh 1658 sh 1675 sh 1676 sh 1600~ 1643 sh
1653 s 1645 s 1550 s,b
84(NH;") 1628 s 1628 s 1625 sh
S(NHy) 1622 m 1622 m 1600~ 1608 s
1550 s,b
v.(COO™) 1602 s 1596 s 1582 sh 1600~ 1588 s
1550 s,b
Amide 11 1573 s 1556 w 1550 sh 1550 s 1442 m 1576 sh
1552 sh
8s(NH;*) 1543 sh 1515 m 1521 sh
1523 s
¥ CO) + (OH) 1409 w 1413 m
1259 w 1269 w
v(COO™) 1402 s 1402 sh 1413 m 1393 m 1403 s

e The following abbreviations are used:

nitrogen of the peptide group. Additional ligands are
the oxygen of water and the chloride ion when present.
The generally strong-to-medium absorptions of the
N-H stretching mode?? in the 3000-cm~! region and
the appearance of a generally strong absorption around
1610 cm~1! assigned to the NH, deformation, coupled
with the disappearance of the bands associated with the
zwitterion structure, all are in agreement with the ex-
pectation that the terminal NH, group of the peptide
occupies one of the ligand sites of the metal. This is
true for all the complexes examined.

The carboxyl group of di- and tripeptide complexes is
generally coordinated,?4 an exception being dimeric Zn-
(HGG),-2H,0, in which both free carboxyl and mono-
coordinated carboxyl are present.® The mode of the
carboxyl bonding may vary among ionic, bonding of
one oxygen atom to one metal atom, each oxygen
atom to one metal atom, or both oxygen atoms to the
same metal atom. Since the early suggestion of Naka-
moto? that the mode of bonding and the shift in fre-
quencies of the assymetric and symmetric modes of the
carboxylate might be used to distinguish monodentate
carboxylate bonding from the others, many authors?-4
have tried to improve and extend this concept. Ed-
wards and Hayward*! question the reliability of this
generalization, contending that the symmetry of the
free ion is so low that no difference in the infrared
spectra would be expected for the different types of co-
ordination. In any event, the zinc and nickel com-
pounds prepared here have As’s in the range 190-197

(33) G. F. Svatos, C. Curran, and J. V. Quagliano, J. Amer. Chem.
Soc., 77, 6159 (1955).

(34) H. C. Freeman, Advan. Protein Chem., 22, 257 (1967).

(35) K. Nakamoto, J. Fujita, S, Tanaker, and M, Kobayashi, J. Amer.
Chem. Soc., 79, 4904 (1957).

(36) S. Laitinen and T. Nortia, Suom. Kemistilehti, 43 (2), 61 (1970).

(37) A. B. P. Lever and D. Ogden, J. Chem. Soc. A, 2041 (1967).

(38) C. A. McAuliffee and W. D. Perry, ibid., 4, 634 (1969).

(39) D. G. Karraker, J. Inorg. Nucl, Chem., 31, 2815 (1969).

(40) I. R, Ferraro and M. Becker, ibid., 32, 1495 (1970).

(41) D. A, Edwards and R. N, Hayward, Can. J. Chem., 46, 3443
(1968).

s, strong; m, medium; w, weak; b, broad; and sh, shoulder; and mode:

v, stretch and &,

cm™!, from which we may conclude that the carboxyl
bonding is similar in these cases and probably monoco-
ordinated as in Zn(HGG).-2H,0 and Cu(H.GGG)-
Cl-1.5H,0. The uncertainty of such a conclusion is
pointed up by the fact that the solid-state structure!® of
Zn(HGG),-2H,0 also contains free COO~ which is not
seen in the infrared spectrum. Hydrogen bonding
with the free carboxyl may account for this.

In the case of the series of copper salts, Cu(HLG)-
Cl-2H,0, Cu(HGG)CI-H.0, and Cu(HGL)CI, the
Av’s change in the order 167, 185, 203, indicating a sub-
stantial change in the nature of the carboxylate bonding.
In the two copper compounds for which the structures
are known,’* CuGG-3H,O and Cu(HGGG)CI.1.5-
H,O, the carboxyl groups are monocoordinated, or in
the latter case, ‘‘bidentate” with one very long M-O
distance of 2.82 A. In the latter case, Av is 197 cm™!,
similar to that for the zinc and nickel compounds, and
we might conclude that the infrared cannot distinguish
between mono and ‘“‘bidentate’ carboxylate with one
long M-O bond. Comparable data for the CuGG
species are not available owing to lack of resolution of
the bands in the 1600-cm~! region. We might also
conclude that if there is symmetrical bidentate coor-
dination of the carboxyl group in any case, it will be in
Cu(HLG)CI-2H,O which has a Av of 167. Anhy-
drous Cu(HGL)CI, which requires the coordination of
both oxygen atoms of the carboxyl group to achieve co-
ordination number five about a copper, shows the
largest Av, 203 cm~!, and presumably the greatest dis-
symmetry in the carboxyl oxygen-metal bonding.

The bands due to water are not included in Table II,
but their presence is an obvious feature of each spectrum
except for that of Cu(HGL)CI, which, in agreement with
the analytical data, showed the absence of water. On
the basis of the structures which are known for the pep-
tide—metal complexes, 34 it seems safe to assume that at
least one molecule of water of the hydrated species is co-
ordinated to the metal ion. Similarly, although our
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Cu(HLG)Cl: Cu(H.GGG)Cl- Ni(HGG)Cl- Zn(HGG)Cl. Ni(HGG).- Zn(HGG), - Ni(HLG), -

Cu(HGL)Cl 2H,0 1.5H,Q 1.5H.0 0.5H,0 2H;0 2H,0 2.5H,0
3070 m 3090 m

3310 m 3230 m 3300 she 3360 s° 3320 s 3350 me 3340 m° 3320 me

3240 m 3240 s° 3280 m° 3290 she 3330 s° 3270 me

3240 me 3240 me

1628 s 1631 sh 1684 (7) 1640 s 1650 s 1651 sh 1658 s 1600 s,b

1623 sh 1642 sh 1642 s
1617 sh 1613 s 1622 s 1618 sh 1618 w 1631s 1620 sh 1600 s,b
1601 s

1592 s 1580 m 1584 s 1591 s 1592 sh 1602 s 1594 s 1600 s,b

1570 sh 1561 sh 1554 sh 1579 s 1576 s 1576 m 1566 s 1600 s,b
1541 sh

1389 s 1413 m 1387 m 1401 m 1400 m 1405 m 1402 m 1384 m

deformation. ? Contains a contribution from »(NHy). ©Is mixed with »(NH) amide. 9 Is mixed with »(H;0).

infrared data do not extend into the region for M-Cl
absorptions, it is reasonable to assume that chloride,
when present, also occupies a coordination site.

The changes in the amide I band frequency upon co-
ordination has been variously interpreted, and the
amide II band does not seem to be very sensitive to co-
ordination. Infrared spectra of D,O solutions of the
copper(I) complexes with glycylglycine® 42 have led to
the assignment of the absorption bands at 1670 and
1625 cm~! to the amide I band of the uncoordinated
peptide and the amide I band of the coordinated pro-
tonated nitrogen. At pD values of 5.5 and higher only
a new band at 1610 cm~! was observed which was as-
signed to the amide I band with the deprotonated ni-
trogen coordinated to the copper. On the other hand,
the amide I absorptions of the peptides used in this
study fall in the range 1653-1675 cm~!, and decrease in
the M(HAA)* copper complexes to 1623-1628 cm™!,
consistent with the observations of Martell. In con-
trast, the zinc and nickel complexes show amide I ab-
sorptions in the 1640-1650-cm~! range. It is clear
that the nature of the metal-amide bonding is different
in the copper complexes than in the nickel and zinc
complexes. Infrared spectra¢® of D,O solutions of 1:1
nickel(IT) glycylglycine are similar to those of the ligand
alone until a very high pD is reached, indicating weak
interaction until the peptide nitrogen is deprotonated.
This observation is in agreement with Freeman’s
data.** Thus in the solid state, the evidence is that the
copper complexes are bound through the amide ni-
trogen, while on the basis of the known structure of Zn-
(HGG),-2H,0, the zinc and nickel complexes are
bound through the amide oxygen. The suggestion
that the protonated amide nitrogen is coordinated in
the Cu(HAA)* complexes raises problems regarding the
(19(25)) M. K. Kim and A. E. Martell, J. Amer. Chem. Soc., 85, 3080

(43) M. K. Kim and A. E. Martell, ibid., 89, 5138 (1967),

(44) H. C. Freeman, J. M. Guss, and R. L. Sinclair, Chem. Commun.,
485 (1968).

planarity of the chelate ring, the trigonal hybridization
of the nitrogen, and the resonance in the peptide
bond.#44 It may just be that the ubiquitous proton
of the complexes studied here is not bound to the amide
nitrogen, but rather to the amide oxygen, as in Co-
(HGG),*.4¢ Thus the amide nitrogen would be avail-
able for metal bonding by transferring the proton to the
oxygen. The Co(HGG),* ion is obtained by acidifica-
tion of solutions containing Co(GG),~ ions,¥~* while
our products are obtained by ethanol precipitation, but
the possibility of structural similarities need not be
ruled out because of the differences in preparative con-
ditions. More significant is the large shift in the amide
I absorption*® in the cobalt complex to 1700 cm~!,
which is not matched in the copper complexes studied
here. Protonation of oxygen has also been observed in
nmr studies of protonation of (glycinamidato)tetra-
amminecobalt(I),5! so this is not an isolated example of
this phenomenon. It might also be well to consider the
assertion that dipeptides in aqueous solution exist as
cis-trans isomers.’? In any event, a single-crystal
study of Cu(HGG) Cl-H,O should be done if suitable
crystals can be grown.

Visible Spectra. On occasion arguments have been
put forth for the retention of the solid-state configura-
tion of the peptide complexes in aqueous solution.
However, there seems to be no evidence that these
species are kinetically inert in solution. Therefore,
dissolution of the solid in water should yield equilibrium

(45) B. R. Rabin, Trans. Faraday Soc., 52, 1130 (1956).

(46) M., T, Barnet, H. C. Freeman, D. A. Buckingham, I-Nan-Hsu,
and D, van der Helm, Chem. Commun., 367 (1970).

(47) E. D. McKenzie, J. Chem. Soc. A, 1655 (1969).

(48) M., S. Michailidis and R. B. Martin, J. Amer. Chem. Soc., 91,
4683 (1969).

(49) M. T. Beck and S. Gorog, Acta Chim. (Budapest), 29, 401 (1961).

(50) V. Caglioti, P. Silverstroni, and C. Furlani, J. Inorg., Nucl.
Chem., 13, 95 (1960).

(51) D. A. Buckingham, D, M. Foster, and A. M. Sargeson, J. Amer.
Chem. Soc., 91, 3451 (1969).

(52) 1. Z. Siemion and A. Sucharda-Sobczyk, Tetrahedron, 26, 91
(1970).
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Table III. Absorption Maxima (kK) and Absorptivity (¢) for Copper(II) and Nickel(II) Complexes
Complex v(e) Complex vile) 120} v3(e)
CuG+ 14.05 (27.5)
cis-CuGs 15.90 (43.2) trans-NiG, 9.85(7.05) 16.20 (5.07) 27.20 (9.45)
8.70 sh 13.30 sh
10.50 sh
CuGG 15.68 (81.0)
CuHGG* 15.40(35.7) NiHGG* 9.52 (5.66) 15.50(4.06) 26.00 (8.20)
8.77 sh 13.60 sh
10.50 sh
Ni(HGG), 9.83(7.07) 16.00 (5.64) 26.50 (10.15)
8.85 sh
CuHLG+ 15.60 (45.5)
Ni(HLG). 9.94 (9.00) 15.90 (7.05) 26.50 (12.0)
8.77 sh 13.70 sh
10.60 sh
CuHGL™* 15.40(38.8)
Ni(HGL), 9.80 (7.84) 15.90 (6.42) 26.50 (11.4)
CuH,GGG+* 14.60 (34.6)
Cu(L),® 16.00 Ni(L).?
17.80 sh
Cu(OH,)s%* 12.60¢ Ni(OH;)s2* 8.50¢
Cu(OH_)(en)2* 15.344 Ni(OH,)4(en)*+ 9.80*
Cu(OH;):(en), 2+ 18.204 Ni(OH;)(en).>* 10.50*
Ni(en);2* 11.20¢0
Cu(DA)(NOy),7 13.37e% Ni(DA)(ClOy). 9.00%7
Cu(phthalate),*~ 14,50/ Ni(NTAYOH,):~ 9.50m*
s ¢ could not be determined, as the complex was only sparingly soluble in water. » Complex was insoluble in water. ©See ref 27. 4 G.

Gordon and R. K. Birdwhistell, J. Amer, Chem. Soc., 81, 3567 (1959).
1125 (1966). 7 D. P. Graddon, ibid., 7, 75 (1958).
gensen, bid., 10, 887 (1956). ¢ In acetone solution:
diacetamide. * NTA stands for nitrilotriacetato.

concentrations of all the species compatible with the
equilibrium constants for all possible reactions.5®
The lability of the complexes was tested by dissolving
samples of Cu(HLG)CI and Ni(HLG), in water and
measuring the pH of the resulting solutions. One-
hundreth molar solutions of these complexes gave pH’s
of 4.6 and 8.4, respectively, consistent with the reac-
tions

Cu(HLG)* + H,0 > Cu(LG) + H,0+ )
and
Cu(LG) + H,0 7= Cu(OH)LG)~ + H,0* 0}
and in the nickel case

Ni(HLG). + H.O ';"’ Ni(H.LG}HLG)* + OH- 3)

The pH value for the copper system is in the region cal-
culated on the basis of the equilibrium constants for the
glycylglycine system.>~” It seems reasonable to con-
clude that the carboxyl group in the copper complex is
bonded to the metal and thus does not accept the proton.
Similarly we conclude that the carboxyl group of the
nickel complex is not coordinated to the metal, and
that water has taken its place in the coordination
sphere. The dipeptides are weak acids (pKj,, ~ 8) and
therefore protonated in aqueous solution when the
terminal NH; is coordinated.

Equilibrium constant data show that dissolution of
Cu(HGG)* and Ni(HGG):** compounds yields major
species of the same composition (not necessarily the
same coordination), but that Ni(HGG)* is unstable
with respect to the reaction

2NI(HGG)* =3 Ni(HGG), + Niz* 4

Other species will be present, but these are the most im-

¢ Amull:
¢ O. Bostrup and C. K. Jgrgensen, Acta Chem. Scand., 11, 1223 (1957).
C. S. Kraihanzel and S. C. Grenda, Inorg. Chem., 4, 1037 (1965).

P.S. Gentile and T. A, Shankoff, J. Inorg. Nucl. Chem., 28,
& C. K. Jgr-
7 DA stands for

portant contributors to the absorption spectra. It is
assumed that the other dipeptides would behave sim-
ilarly.

By application of the ‘average environment
rule,’53-%5 some information about the identity of the
ligand atoms may be obtained from the visible absorp-
tion spectra. For a complex containing mixed-ligand
groups that are not too far separated in the spectro-
chemical series, it is possible, within limits, to calculate
the prorated contributions of each ligand, &, to the
ligand-field separation, A. The nickel complexes have
less than O, symmetry but as there are no splittings of
the peaks, the spectra can be interpreted in terms of an
octahedral-type field, and the shoulders assigned to
spin forbidden transitions.® For octahedral nickel-
(II) complexes, three spin-allowed transitions are ex-
pected: 3A,~3Ty, —3To(F), —*T4(P), the energy of
the first being taken as A. Now by using the Ay
(Table III) from the spectrum and the & values (Table
IV) of the known coordinating groups (as calculated
from similar complexes), the 8, for an unknown ligand
can be determined and the group identified by com-
parison with other § values.

Previous work”4% on the coordination of nickel(II)
with glycine peptides at various pH’s by means of vis-
ible, infrared, and proton nmr has led to the conclusion
that nickel is only weakly coordinated to glycylglycine
in a tridentate conformation, except at high pH’s, where
Ni(GG) is formed. Other workers!”-¥ have concluded

(53) C. K. Jorgensen, “Absorption Spectra and Chemical Bonding in
Complexes,” Addison-Wesley, Reading, Mass., 1962.

(54) F. A. Cotton, D. M. L. Goodgame, and M. Goodgame, J.
Amer. Chem, Soc., 83, 4690 (1961).

(55) G. R. Brubaker and D. H. Busch, Inorg. Chem., §, 2110 (1966).

(56) A. B. P. Lever, S. M., Nelson, and T. M. Shepard, Inorg. Chem.,
4, 810 (1965).

(57) S. P, Datta, R. Leberman, and B. R. Rabin, Trans. Faraday Soc.,
55, 1982 (1959).
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Table IV. § Values for Ligands in Copper(II) and Nickel(II) Complexes
Cu-L distances, A, 85, calcde 85, calede
Complex in d., plane Ligand kK Complex Ligand kK

Cu(OHy)e* (0] 1.97% H:O 2.23 Ni(OH;)¢2+ H.0 1.42
Cu(OHby)en?+ N 2.00¢ H.N 3.61 Ni(OH:;)4(en) H:N 2.06
Cu(OHz)(en).2+ N 2.00¢ H:N 3.64 Ni(OH:)(en). H:N 1.92
¢ts-CuG, Nd.e 2.00 Ni(en);2+ H:N 1.87

(o) 1.95 COO~ 2.51 trans-NiG, COO~ 1.54
CuGG H;N¢./ 2.03

N- 1.88 N- 3.76

COO~ 1.98

H.O 1.97
CuG+ Ne 2.00 H,N’ 3.42¢ Ni(NH~CH,}(OHy);%* H,N 2.08"

Oe 1.95
Cu(phthalate),>~ (0] 1.97 CO 2.70 Ni(NTAYOHy);~ (-CH:);N 2.04
Cu(DA)NO3), o 1.97 CcO 2.43 Ni(DA);(ClOy). CO 1.50

e §x values for copper complexes contain an approximate error of &30 and for nickel complexes of 10, as this was the experimental error

in determining vmax. ? See ref 30.

felter, Acta Crystallogr., 17, 1145 (1964).
one NH; group.

¢ As there are no X-ray data available for complexes with the above formulas, the values of the copper—
nitrogen bond distances were arrived at by averaging various data for known complexes as Cu(en)(NOs),:
4 §nm, value of 3.61 was used.
* The variation in 1.4 for the three en complexes led to the calculation of the hypothetical complex Ni(NH-CH)(H,0);2*.

Y. Komiyama and E. C. Linga-

¢Seeref 31. / Seeref8. ¢ This§ value is for a complex with only

The variation in § for the three en complexes is attributed to cis and trans interactions which were determined to be 20 and 120 cm™!, re-
spectively. Whenever a nitrogen had another nitrogen cis and/or trans to itself, the above values were subtracted from 2,08 cm™!,

that in Ni(HGG). the coordination is bidentate through
the terminal NH, group and peptide oxygen.

The hydrolysis experiments indicated that the car-
boxyl groups were not bonded, and therefore that the
dipeptide was, at the most, bidentate in solution. We
can then assume that the coordination sphere consists of
two terminal NH, groups, either cis or trans, two water
molecules, and either the oxygen or nitrogen of the pep-
tide bond (or two additional waters if the dipeptide
should be monodentate). The &,’s calculated (using
the data in Table IV) for the two unknown ligand posi-
tions are 1.44 and 1.54 for the cis and trans isomers, re-
spectively. Clearly, the remaining ligand atoms are
oxygens, and if the peptide-amide group is bound it is
via the oxygen atom. Although no distinction can be
made between a pair of monodentate cis dipeptides and
a pair of trans bidentate dipeptides, the latter case
seems most reasonable. The »,,,’s for solutions of
Ni(HGL), and Ni(HLG), are very similar to that for
Ni(HGG)., so the conclusions regarding the nature of
the ligands which are bound are the same for all three
dipeptides. From the ».,. values one can conclude
that an isobutyl group adjacent to the carboxyl group
has little or a slightly negative effect on the ligand-field
strength, but when adjacent to the terminal amino
group, the isobutyl group has an enhancing effect.
This is consistent with the findings in the copper system.
Since Ni(HGG)* makes up only at the most 20 % of the
nickel species in a 0.01 M aqueous solution, analysis of
its spectrum is not reliable.

The spectra of the copper(Il) complexes investigated
here consist of only one broad band (Table III), as
found in many copper(Il) complexes. There has been
considerable discussion®-¢2 about the analysis of the
broad, often asymmetric, peak, and it is generally con-
cluded that the envelope contains several bands due to

(58) C. J. Ballhausen, “Introduction to Ligand Field Theory,”
McGraw-Hill, New York, N. Y., 1962.

(59) T. M. Dunn, “Modern Coordination Chemistry,” I. Lewis
and R. C. Wilkins, Ed., Interscience, New York, N. Y., 1960.

(60) J. Bjerrum, C. J. Ballhausen, and C. K. Jorgensen, Acta Chem.
Scand., 8, 1275 (1954),
(19(2‘173 O. G. Holmes and D. S. McClure, J. Chem. Phys., 26, 1686

(62) R. L. Belford, M. Calvin, and G. Belford, ibid., 26 1165 (1957).

transitions between the lowest lying 2B, and the higher
lying 2Ajg, 2By, and 2E, terms resulting from the split-
ting of the ?E, and T, levels in a strong tetragonally
distorted field. Regardless of the assignment of the
transitions (providing the perturbation in the z direc-
tion remains constant), an increase in the perturbing
effect of the ligand in the xy direction leads to an in-
crease in the energy of the band maximum compared to
Cu(OH,)s?*. Even though the copper species repre-
sent rather severe distortions from O, symmetry, we
have found that additive & values can be obtained for a
ligand in compounds where the crystallographic data
are available, The assumptions made are that the av-
erage Cu-O distance in the z direction is constant and
the same as in CuSO;-5H,0, namely 2.40 A.%3 It is
also assumed that §; is inversely proportional to the dis-
tance of separation, as would be expected for a simple
electrdstatic model, and that the bond distances in the
solid state and in solution are the same. Certainly this
approach applies only to those species which have large
enough stability constants to preserve the solid-state
coordination in solution. Thus, §y,0 is obtained from
the following expression: 12.6 kK (Am0) = 48mo0 +
(1.97/2.40)811,0, Or 8,0 = 2.23 kK. This technique was
found to give a good internal check for Cu(II)-ethyl-
enediamine and —ammonia complexes. The § values
reported in Table IV are for the ligand noted at the dis-
tance tabulated. As in the case of the nickel(I) com-
plexes, the & values vary with the type of ligand, the
strength of bonding, and the environment. If the en-
vironments are properly matched and the bond dis-
tances adjusted, the 8, values can be used to identify the
nature of the ligand atoms.

The determination of the ligand environment about
Cu(HGG)* is illustrated with the following data. In
aqueous solution the complex can be either tridentate
(a) or bidentate (b), with the other positions occupied by
water molecules. For the calculations, the & values
used were dyp, = 3.42 (selected in the event the un-
known ligand atom is oxygen), dcoo- = 2.51, and
dmo = 2.23. The d,, bonding distances for CuGG

(63) C. A. Beevers and H. Lipson, Proc. Roy. Soc., Ser. A, 146, 570
(1934).
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were used. For conformation a, 8, is 3.67; for b, é, is
3.92. Values of this magnitude are only consistent
with coordination through the peptide nitrogen. With
the knowledge that the unknown ligand is a cis nitrogen
atom, a better calculation can be made using dyyu, from
Cu(en)(OHy),2+, which gives a §, of 3.50 for conforma-
tion a and 3.73 for conformation b. It is doubtful
whether these values can distinguish between the tri-
dentate and bidentate cases, but they certainly do iden-
tify the bound peptide-amide ligand as nitrogen.

Since CuHGL* has the same absorption maximum as
CuHGG*, and CuHLGH+ differs only slightly, the same
calculations and conclusions hold. As noted for the
nickel complexes, presence of the isobutyl group « to
both coordinating nitrogens increases the ligand-field
effect. This is also noted in CuG; and CulL,, where the
v values are 15,900 and 16,000 cm™!, respectively. It is
also concluded that coordination of CuL, in aqueous
solution is the same as in CuG, 2NH,, 2COO-, and
2H,0).

CuH,GGGH in the solid state is known to consist of

infinite copper—peptide chains® of a ‘‘six’’-coordinate
structure involving the terminal NH, and peptide
oxygen of one peptide, the COO~ terminal of another
peptide, Cl-, and water. The complex dissolves slowly
in water and is assumed to form a six-coordinate
species in which waters occupy the nonpeptide-ligand
positions. Two questions again arise: namely, is the
ligand tridentate or bidentate in solution and is the pep-
tide oxygen or peptide nitrogen bound to the metal?
The first question cannot be answered unambiguously.
In answer to the second, it seems that the peptide
oxygen remains bound, since when 8on, Or dcoo- Was
used to calculate §,, values of 3060 and 2930, respec-
tively, were obtained, which are consistent with an
oxygen atom coordination.
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Abstract:
tron diffraction.
metric ring with the following r, values:

The molecular geometries of a pair of isoelectronic molecules have been determined by gas-phase elec-
Hexafluoroacetylacetone, which exists as the enol tautomer, was found to have a planar sym-
C-C; = 1.407 = 0.031 A C~C, = 1.546 = 0.008 A, C-O = 1.259 +

0.018 A, C-F = 1.337 = 0.007 A, ZC,C,C; = 115.2 = 2.3°, LC,Cy0; = 1264 + 1.3°, £LC,CC; = 119.7 = 1.5°,
ZCCF = 110.6 = 0.8°. The enol proton appears to lie in the ring plane. The structure of hexafluoroacetic an-
hydride is best described as two planar halves which pivot about the central oxygen atom. The r, values for this
compound are O,-C, = 1.360 = 0.019 A, C-C, = 1.546 £ 0.010 A, C,-O, = 1.203 = 0.010 A, C-F = 1.336 =
0.005A, ZC0C; = 118.5 = 2.6°, £0,C:0; = 120.5 + 1.9°, ZO,C,C; = 122.6 = 1.1°, ZCCF = 110.2 + 0.6°;
the C,0,C,0; dihedral angle is 20.3 = 3.6°. Thke above error limits are three times the least-squares-calculated

uncertainties for fitting the calculated to the observed gM(g) curves.

mated experimental errors involved in this study.

he effects of fluorine-for-hydrogen substitution in

organic molecules have been the subject of several
experimental and theoretical studies.'~* The two com-
pounds with which this report is concerned, hexafluoro-
acetylacetone (HFACT) and hexafluoroacetic anhy-
dride (HFAA), were selected for investigation not only
to check whether previously observed trends! were fol-
lowed, but also to determine the structural effects which
result from enolization stabilized by intramolecular hy-
drogen bonding. Indeed, replacement of the central
oxygen (O,) in HFAA with a methylene group leads to
significant changes in the central part of the molecule.
Also, the structures found for HFACT and HFAA are
consistent with published results for related substances.

(1) R. L. Hilderbrandt, A, L. Andreassen, and S. H. Bauer, J, Phys.
Chem., 74, 1586 (1970).

(2) M. S, Gordon and J. A. Pople, J. Chem. Phys., 49, 4643 (1968).

(3) B. Bak, D. Christensen, L. Hansen-Nygard, and J. Rastrup-An-
dersen, Spectrochim. Acta, 13, 120 (1958).

(4) V. W. Laurie and D. T. Pence, J. Chem. Phys., 38, 2693 (1963),

This has been shown to encompass the esti-

Experimental Details and Structure Analysis

Both compounds were obtained from Penninsular
ChemResearch, Gainesville, Fla. The samples were
distilled and their purities checked by infrared and pro-
ton nmr analysis. For each substance two sets of con-
vergent-mode diffraction photographs were obtained
with the Cornell dual-mode instrument.® Patterns
were recorded for the region g = 10-55 A~! at 65 kV
with a nozzle-to-plate distance of 253 mm (HVL), and
g = 35-122 A-1 at 65 kV with a distance of 124 mm
(HVS). All photographs were taken with 4 in. X 5 in.
Kodak Electron Image plates. The electron beam wave-
length and the sample-to-plate distance were determined
from measurements of Debye~Scherer magnesium oxide
powder patterns taken concurrently with the gas sample
photographs.

The plates were microphotometered on a modified

(5) S. H. Bauer and K. Kimura, J. Phys, Soc. Jap., 17, 300 (1962).
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