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tential insertion products are simple. When diazirine is 
photolyzed in CDCl3 solution a CIDNP spectrum is 
observed (Figure lb). The dominating emission signal 
is attributed to spin-polarized l-deuterio-l,l,2-tri-
chloroethane (2), formed by chlorine abstraction and 
in-cage coupling of the resulting radical pair, [Cl2DC • 
-CH2Cl]. The observed signal direction is the same 
as in the case of the chloromethyl-trichloromethyl 
radical pair.1 The factors determining the signal direc
tion (in-cage coupling, negative a value, negative Ag) 
are the same- for both radical pairs. Consequently, 
the emission signal observed for 2 establishes the singlet 
as the initial spin multiplicity of the parent radical pair 
and thus of the methylene involved in its formation. 

When the decomposition of 1 in CDCl3 is photo
sensitized, a new signal is observed, a 1:1:1 triplet in 
strongly enhanced absorption (Figure la). This signal 
has the chemical shift of 1,1,1-trichloroethane; its 
splitting pattern indicates the presence of a nucleus of 
spin 1 in the molecule; the magnitude of the observed 
coupling (J ~ 1.9 Hz) identifies this interaction as a 
geminal proton-deuteron coupling. The observed 
product, 2-deuterio-1,1,1-trichloroethane (3), is ob
viously formed by abstraction of the deuterium atom 
from deuteriotrichloromethane and recombination of 
the resulting radical pair (Scheme I). Since the polar-

Scheme Ia 

KCE2 
N 

H,CC 3:CH2 
N sens 

CDC!, 1 CDCl., 

'[Cl2DC- -CH2Cl] 

polarizing cage 

I 

3CCl3C- -CDH2] 

polarizing cage 

1 
Cl2DC-CH2Cl free-radical Cl3C-CDH2 

2 products 3 

" An asterisk denotes polarization. 

ized protons originate in the radical with negative 
Ag11 and a negative a value, an absorption signal is 
compatible with a radical pair initially of triplet spin 
multiplicity and consequently with 3CH2 as intermediate. 

It is noteworthy that the spectrum obtained during the 
photosensitized decomposition of 1 (Figure la) does not 
exhibit a signal of 2. Earlier, we had observed that 
3CH2 (as well as 1CH2) abstracts chlorine atoms from 
CCl4.1 Now we find that in CDCl3, where hydrogen 
abstraction competes with halogen abstraction, 3CH2 

rather selectively abstracts hydrogen. We view the 
halogen abstraction by 3CH2, a relatively stable ground-
state14 species, as kinetically unfavorable but certainly 
thermodynamically feasible. 

Of equal significance is the complete absence (within 
the limit of detectability) of spin-polarized 3 in the 

(11) gcH3 = 2 .0026,"gcc i , = 2 . 0 0 9 1 . " 
(12) R. W. Fessenden and R. H. Schuler, / . Chem. Phys., 39, 2147 

(1963). 
(13) A. Hudson and H. A. Hussain, MoI. Phys., 16, 199 (1969). 
(14) Cf. (a) R. A. Bernheim, H. W. Bernard, P. S. Wang, L. S. Wood, 

and P. S. Skell, J. Chem. Phys., 52, 1280 (1970); (b) E. Wasserman, W. 
A. Yager, and V. J. Kuck, Chem. Phvs. Lett., 7, 409 (1970). 

singlet spectrum (Figure lb). Barring the fortuitous 
cancellation of an enhanced absorption signal by a signal 
in enhanced emission of equal intensity, this observation 
means that 1CH2 selectively abstracts chlorine atoms, 
that no triplet methylene is formed in the direct irradia
tion, and that the reactions of 1CH2 with CDCl3 are 
faster than the intersystem crossing to the triplet ground 
state.15 The absence of an enhanced signal, of course, 
does not mean that the corresponding product is not 
formed; it only means that this product is not formed 
via a reaction sequence which allows the generation and 
observation of polarized nuclear spins. Consequently, 
our CIDNP evidence should not be interpreted as an 
argument against the well-established (one step) inser
tion reaction of methylene into carbon-hydrogen 
bonds.16 

Concluding, we recall the results of Setser and co
workers, who inferred a similar specificity of singlet 
and triplet methylene for gas-phase reactions.7 Their 
conclusion was based on kinetic studies of the photo-
decomposition of ketene and diazomethane in the 
presence of simple chloro-substituted alkanes and inert 
gases. It is gratifying and encouraging that an entirely 
different technique leads to essentially identical con
clusions for the corresponding liquid-phase reactions. 
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(15) Studies aimed at determining the intersystem crossing rate of 
1CHa in solutions of chlorinated alkanes and inert diluents are now 
underway. 
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X-Ray Determination of the Absolute Configuration of 
Metal Complexes in Quasiracemic Crystals. 
A-(—)546-Cobalt(III) Acetylacetonate 

Sir: 

The number of dissymmetric metal complexes whose 
absolute configurations have been unambiguously 
established by X-ray methods is still quite small, and 
nearly all of the compounds studied to date are diamine 
complexes.1 X-Ray studies of a wider variety of 
metal chelates are needed in order to test empirical 
spectroscopic criteria23 for relating optical rotatory 
power and absolute configuration. We report here a 
simple X-ray method for determination of the absolute 
configuration of metal complexes in quasiracemic crys
tals and its application to A-( — )546-cobalt(III) acetyl
acetonate.4 The only other tris-/3-diketonate complex 

(1) R. D. Gillard and P. R. Mitchell, Struct. Bonding (Berlin), 7, 46 
(1970). 

(2) (a) R. E. Ballard, A. J. McCaffery, and S. F. Mason, Proc. Chem. 
Soc. London, 331 (1962); (b) A. J. McCaffery and S. F. Mason, MoI. 
.PAys.,6,359(1963); (c) A. J. McCaffery, S. F. Mason, and R. E. Ballard, 
/ . Chem. Soc, 2883 (1965). 

(3) (a) R. D. Gillard, Chem. Brit., 205 (1967); (b) R. D. Gillard in 
"Physical Methods in Advanced Inorganic Chemistry," H. A. O. Hill 
and P. Day, Ed., Interscience, New York, N. Y., 1968. 

(4) The designation of absolute configuration is in accord with the 
IUPAC recommendations, Inorg. Chem., 9, 1 (1970). 
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whose absolute configuration has been established by 
single-crystal X-ray methods is A-(+)58<rtrans-tris-
[(+)-3-acetylcamphorato]chromium(III).6 

Crystallization of a mixture of partially resolved 
Co(acac)8

6 ([Af]54C = -20,200) and racemic Al(acac)3 
from benzene-hexane (~1:10 v/v) gives quasiracemic 
monoclinic crystals which contain an excess of (—)s4e-
Co(acac)3 and which display lattice parameters (a 
= 13.96 ± 0.02, b = 7.53 ± 0.01, c = 16.32 ± 0.02 A, 
P = 98.66 ± 0.05°) nearly identical with those for the 
isomorphous crystals of racemic Co(acac)3 and racemic 
Al(acac)3.

7 However, the quasiracemic crystals show 
only the space group symmetry P2i instead of Pl\\c, 
that observed for the racemic acetylacetonates. In 
the quasiracemic Co(acac)3-Al(acac)3 mixed crystals, 
unequal substitution of cobalt in the two enantiomeric 
sites suffices to reduce the space group symmetry from 
the centrosymmetric P2i/c to the noncentrosymmetric 
P2i without requiring any change in atomic coordinates. 
For the crystal used in this determination, the reflec
tions / = 2« + 1 on M)/, normally extinct for Pljc, 
appeared weakly but were quite sharp. 

Intensity data on 268 reflections from the four layers 
hOI, hill, OkI, and lkl were estimated visually from mul
tiple-exposure precession photographs taken with Ni-
filtered Cu Ka radiation. Intralayer scaling of the 
intensities was performed with corrections for Lorentz-
polarization and spot extension being applied. 

Since the quasiracemic crystal is isomorphous with 
the racemic trisacetylacetonates of Co(III),7 Al(III),7 

and Mn(III),8 refinements of the site occupancies and 
interlayer scale factors (six parameters) were carried 
out using the previously published structural parameters 
for these three complexes. The results of these refine
ments, which employed only the real part of the scatter
ing factors for Co0, Al0, C0, and O0,910 are summarized 
in Table I. It is quite clear that there is no significance 

so 
Frequency x JO-*, cm"' 

Figure 1. The absorption spectrum (—) and circular dichroism 
(—) of partially resolved A-(-)516-Co(acac)3 ([M]M = -15,500) 
in ethanol solution. 

The A configuration for ( —)546-Co(acac)3 is further 
supported by Bijvoet analysis of 19 Friedel pairs of 
reflections. In every case the sign of the observed 
difference in intensity for a Friedel pair matches that 
calculated for the model having an excess of A-Co-
(acac)3. 

Table II. Comparison of Enantiomeric Models 

Model 
A-Co(acac)3 in excess 

R Rw 

A-Co(acac)3 in excess 
R Rv 

Co(acac)3 

Al(acac)3 

Mn(acac)3 

0.124 
0.118 
0.130 

0.130 
0.124 
0.131 

0.135 
0.134 
0.142 

0.136 
0.134 
0.140 

Table I. Results of Refinements 

Model 

Co(acac)8 
Al(acac)3 
Mn(acac)3 

% resolution 
of 

[Co]/[Al] Co(acac)3
0 

0.969 60.4 
0.886 51.6 
0.496 83.6 

. -Residuals • 
Rb R«,c 

0.127 0.135 
0.124 0.128 
0.134 0.136 

" % resolution = {[(-)546-Co(acac)3] - [(+)546-Co(acac)3]}/ 
|[(-)546-Co(acac)3] + [(+)546-Co(acac)3]}. <> R = S \\F0\ - |F„||/ 
2 |F0 | . °RW = [SH-( |F„| - IF0I)VZH-IFOI2]1/!, where w = (1/W)2. 

in the apparent differences in the results for the three 
models; the small size of the data set does not support 
any distinction between them. However, as can be 
seen in Table II, all three models display the same 
relationship between the residuals for the two enantio
meric possibilities; the model with excess A-Co(acac)3 
in the crystal gives the lowest residuals. The imaginary 
part of the scattering factor10 for Co and Al was in
cluded in these calculations. 

(5) W. DeW. Horrocks, Jr., D. L. Johnston, and D. Maclnnes, 
/ . Amer. Chem. Soc, 92, 7620 (1970). 

(6) R. C. Fay, A. Y. Girgis, and U. Klabunde, ibid., 92, 7056 (1970). 
(7) P.-K. Hon, Ph.D. Thesis, University of Illinois, 1964. 
(8) B. Morosin and J. R. Brathovde, Acta Crystallogr., 17, 705 (1964). 
(9) D. T. Cromer and J. B. Mann, ibid.. Sect. A, 24, 321 (1968). 
(10) D. T. Cromer, ibid., 18, 17 (1965). 

The circular dichroism (CD) spectrum11 of A-(—)546-
Co(acac)3 (Figure 1) exhibits a negative band at 15,500 
cm-1 and a more intense, positive band at 17,500 cm-1; 
these may be assigned, respectively, on the basis of the 
polarized crystal spectrum of Co(acac)3,

12 to the 1Ai 
-*• 1A2 and 1Ai -*• 1E components of the lowest energy, 
spin-allowed d-d transition (1A18 -+• 1T^ in Oh). Thus, 
the empirical spectroscopic rules based on the sign of 
the CD of the E component2 and the sign of the domi
nant Cotton effect3 both predict that (—)646-Co(acac)3 
has the A configuration, in accord with the X-ray re
sults. Also in agreement with the spectroscopic rules 
is the absolute configuration of A-( — )iii-trans-tns-
[(+)-3-acetylcamphorato]cobalt(III), A-( — )bu-trans-Co-
((+)atc)3, which has been established on the basis of 
the X-ray crystal structure of A-(+)-oSrtrans-Cx((+)-
atc)3

6 and isomorphism between the other three Cr-
((+)atc)3 diastereomers (A-trans, A-cis, and A-cis) 
and the corresponding Co((+)atc)3 diastereomers.13 

It is interesting that the spectroscopic rules apply to 
Co(acac)3 and Co((+)atc)3 despite the presence of 
relatively low-energy charge-transfer and 7r-7r* transi
tions. Recent spectroscopic assignments of the ab-

(11) R. C. Fay and S. F. Mason, unpublished results. 
(12) T. S. Piper, J. Chem. Phys., 35, 1240 (1961). 
(13) R. M. King and G. W. Everett, Jr., Inorg. Chem., 10, 1237 

(1971). 
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solute configuration of cobalt(III) /3-diketonates14 are 
therefore now on a firm basis. The validity of the 
spectroscopic criteria for chromium tris-/3-diketonates 
has been confirmed by the X-ray analysis of A-(+)589-
trans-CT((+)atc)zs and also by our preliminary studies 
of A-(—)689-Cr(acac)3 in quasiracemic crystals. 

Further, it is noted that the CD bands of (—)546-
Co(acac)3 at 44,400 and 38,200 cm"1 (Figure 1) may 
be assigned,11 respectively, to the A2 and E compo
nents of the exciton-split TT-TT* transition, and that the 
sign of the rotatory power of these bands also predicts20 

the A configuration. 
Finally, we emphasize several advantages of the 

method of determining absolute configurations in quasi
racemic crystals. This method avoids a full X-ray 
analysis on a compound whose molecular structure is 
already known,21 and it avoids the necessity of com
pletely resolving the compound, a task of considerable 
difficulty in the case of nonpolar, electrically neutral 
complexes. Relatively little effort is required in cases 
where the crystal structure of a suitable racemic crystal 
has already been determined and, once such a structure 
is available, the method can be applied to an entire 
series of isostructural complexes. Our work in this 
area is continuing. 
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(14) The A configuration has been (or may be) assigned to the 
( — >546-cis and ( — )5«-trans cobalt(III) complexes with the anions of 
(+)-hydroxymetbylenecamphor, 15>ls (+)-3-acetylcamphor,13,16'" (+)-
and ( — )-hydroxymethylenecarvone,18 5-methylhexane-2,4-dione,19 and 
1 -phenylbutane-2,4-dione.x' 

(15) J. H. Dunlop, R. D. Gillard, and R. Ugo, J. Chem. Soc, 1540 
(1966). 

(16) Y. T. Chen and G. W. Everett, Jr., / . Amer. Chem. Soc, 90, 
6660(1968). 

(17) C. S. Springer, Jr., R. E. Sievers, and B. Feibush, Inorg. Chem., 
10, 1242(1971). 

(18) G. W. Everett, Jr., and Y. T. Chen, J. Amer. Chem. Soc, 92, 508 
(1970). 

(19) J. G. Gordon, II, and R. H. Holm, ibid., 92, 5319 (1970). 
(20) E. Larsen, S. F. Mason, and G. H. Searle, Acta Chem. Scand., 

20, 191 (1966). 
(21) Such an analysis for a crystal of ( — )s46-Co(acac)s which we have 

grown would require determination of the coordinates for two inde
pendent molecules (44 atoms) since the crystal has space group PIi, 
a= 11.31, b = 12.47, c = 12.50 A, /3 = 101.04°, Z = 4. 
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Catalysis in Dipolar Aprotic Solvents. A Proton-Relay 
Mechanism Resembling the Mechanism of 
Action of Serine Enzymes1 

Sir: 

We are investigating the catalyzed hydrolysis of p-
nitrophenol acetate (PNA) in dipolar aprotic solvents, 
and have found that in acetonitrile containing imid
azole and benzoate ion, the dominant rate term is first 
order in substrate, imidazole, and benzoate ion. Crys-
tallographic studies of a number of hydrolytic enzymes 
indicate that chymotrypsin, trypsin, elastase, subtilisin, 
and papain have a common mechanism of action involv
ing a proton-relay mechanism.2 An aspartate carboxyl 

(1) Research supported by Grant No. AM-12743 from the National 
Institute of Arthritis and Metabolic Diseases. 

is hydrogen bonded to an imidazole ring which is in the 
active site and hydrogen bonded to a serine (cysteine in 
papain) which functions as the nucleophile in the first 
step of hydrolysis. It therefore appears that proton 
transfer accompanies nucleophilic attack by the serine 
hydroxyl which is therefore expected to be much more 
nucleophilic than a normal serine hydroxyl. Since 
the active sites of enzymes would be expected to have 
solvent properties considerably different from aqueous 
solutions and may resemble dipolar aprotic solvents 
containing small amounts of water, our results appear 
to be of considerable interest. 

Our early studies3 were concerned with catalysis by 
imidazole. We have demonstrated in a range of di
polar aprotic solvents that hydrolysis of PNA is both 
first and second order in imidazole.34 Recently, we 
have investigated the mechanisms of catalysis by mix
tures of imidazole (IM) and carboxylate ions in aceto
nitrile and the results appear to be important in under
standing enzyme action and biochemical evolution. 

All the studies reported here were carried out by 
following the appearance of /?-nitrophenol in acetoni
trile at constant salt concentration, [(W-Bu)4N

+ClO4
-] + 

[(CHs)4N+C6H5CO2-] = 0.01 M, [PNA] is approximately 
10-4M, [H2O] = 1.0 M, and T = 30.1°. When imid
azole alone is added, the hydrolysis of PNA follows 
the rate laws in eq 1 and 2.4 Analysis of /c0bsd at [IM] 

v = kobsd[PNA] (1) 

/cobsd = ^t[IM] + Zc2[IM]2 (2) 

= 0.015-0.20 M yields ki = 3.1 X 1 0 - 3 M - 1 sec-1 

and Ac2 = 1.3 X 10-2M-2SeC-1. 
When benzoate ion is added, there is marked catal

ysis,4 and the infinity point corresponds to complete 
reaction. With [C6H5CO2-] = [C6H5CO2H] we find 
the dependence of Acobsd in eq 3 in studies both (1) at 

/cobsd = Zc1[IM] + Zc2[IM]2 + ZC2[IM][RCO2-] (3) 

constant concentration of imidazole and varied con
centrations of benzoate ion (Zc2' = 1.0 M - 2 sec -1), 
and (2) at constant concentration of benzoate ion and 
varied concentrations of imidazole (Zc2' = 1.0 M - 2 

sec-1). Although there may be a term in benzoate ion 
alone, /ci'[RCO2-], it is experimentally indistinguishable 
from zero in these experiments. Change of [C6H5-
CO2-MC6H5CO2H] from 10:1 to 1:1 keeping [C6H5-
CO2-] constant has a small effect on the rate of hy
drolysis of PNA. Preliminary experiments with acetate 
ion indicate behavior qualitatively similar to benzoate 
ion. 

In the presence of initially added /j-nitrophenol, there 
is no significant change in the rate of hydrolysis. Since 
we are measuring the rate of appearance of p-nitro-
phenol, this result, our other results with imidazole and 
A^-methylimidazole, and basicity relations in aceto
nitrile5 all indicate that the mode of catalysis represented 
by Ac2' involves the carboxylate ion acting as a general 
base to abstract a proton from imidazole which func-

(2) D. M. Blow and T. R. Steitz, Anna. Rec. Biochem., 39, 63 (1970). 
(3) To be published in a full paper: P. Haake, M. J. Frearson, and 

C. E. Sullivan, in preparation. See also J. F. Kirsch and W. P. Jencks, 
J. Amer. Chem. Soc, 86, 833 (1964), and papers referenced therein on 
imidazole catalysis in water. 

(4) All reactions were run under conditions giving pseudo-first-order 
kinetics and good kinetic behavior was observed over three half-lives. 

(5) J. F. Coetzee, Progr. Phys. Org. Chem., 4, 45 (1967). 
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