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rinato skeleton appeared as single though somewhat elongated peaks of 
electron density. Sections of the electron density map approximately in 
the plane of the amide group are presented in Figure 7 along with an 
interpretation. A region of electron density at hydrogen-bonding distance 
from the amide group was interpreted as a water molecule. Upon re­
finement the values for J? and Rw on F dropped to 0.161 and 0.209. A 
somewhat ill-resolved region of electron density surrounding an inversion 
center was interpreted as a disordered toluene molecule. It was included 
in the model as a rigid group (C-C = 1.392 A, C-C-C = 120°, C-CH3 
= 1.521 A) with individual isotropic thermal parameters; it behaved 
reasonably upon refinement. Group constraints on the pyrrole rings were 
released and the absorption correction applied (Gaussian integration on 
a 4 X 4 X 4 grid). Most of the hydrogen atoms (except for some on the 
linking chain and those of the water molecule) were then located in 
difference Fourier syntheses and were included as a fixed contribution 
to Fc at their idealized positions (C-H = 0.95 A, C-C-H = 109.5°, BH 
= Bc + 1.0 A2). The final four cycles of refinement used all data; all 
atoms except the toluene solvate molecule were assigned anisotropic 
thermal parameters; the number of variable parameters was 438. At 
convergence the values for R and Rv on F2 were 0.103 and 0.152. The 
standard error in an observation of unit weight was 1.48 e2. For the 
portion of data having F0

2 > 3<r(F0
2) the values for R and Rw on F were 

0.063 and 0.073. 
The minimized function was independent of the magnitude of F0, but 

it did exhibit a not unexpected but slight dependence on the magnitude 
of X"1 sin 0, with low-angle data returning a higher value. One atom in 
the linking chain has a grossly over-accentuated thermal ellipsoid. Re­
moval of its contribution to F0 followed by a difference Fourier synthesis 
failed to reveal reasons for its anomalous shape. The highest peaks in 

Introduction 

The use of POCl3 and disubstituted formamides to transfer a 
formyl group from the amide nitrogen to a substrate carbon atom 
has proved useful in organic syntheses since its discovery by 
Vilsmeier and Haack in 1927.4 A great range of substrates 
undergo this addition, including aromatic and heterocyclic com-
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the final difference Fourier map, which was mostly flat and featureless, 
had heights 0.84 and 0.62 e A"3 and were associated with the toluene 
solvate molecule. 

Final nonhydrogen parameters are listed in Tables XII and XIII. 
Hydrogen atom parameters are given in Table XIV.24 Table XV lists 
the values of 10|F„| vs. 10|FC|.24 A negative value indicates that F0

2 < 
0. 
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pounds, olefins, enamines, ketones, carboxylic acids, acetals, ni-
triles, and a variety of activated methylene compounds.5 

(I)A paper presented at the 8th Coordination and Metal Organic Con­
ference of the Royal Australian Chemical Institute, May 1978. 

(2) The following abbreviations are used throughout this paper: trien, 
triethylenetetraamine (definition of a, (I1, and ^2 as in ref 3); en, ethylene-
diamine; tren, tris(2-aminoethyl)amine; gly, bidentate glycinate ion; p and t 
refer to two geometrical isomers which arise in tren complexes due to the 
oxygen of the glycinate coordinating trans to the tertiary nitrogen (t) or the 
primary (p) nitrogen of the tren ligand. 
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Abstract: A dimethyliminium species, formed from dimethylformamide and phosphorus oxychloride, adds at the methylene 
carbon of the bidentate glycinato complex (p)-[Co(tren)(gly)](C104)2 to form the (p)-[Co(tren)(3-(dimethylamino)-2-aminoacrylyl 
chloride) ]3 + ion. The crystal structure of the tetrachlorozincate chloride salt has been established by X-ray diffraction. Crystals 
of (p)-[Co"'(tren)(3-(dimethylamino)-2-aminoacrylyl chloride)JZnCl4-ChH2O are monoclinic, space group PlJn, with a = 
14.608 (3) A, b = 15.517 (4) A, c = 10.562 (2) A, B = 100.75 (2)°, V= 2352.1 A3, and Z = 4. Full-matrix least-squares 
refinement gave a final value of the conventional R factor of 0.035 (4631 reflections with / > 3CT(I)). The cation contains 
an approximately planar «'.r-3-(dimethylamino)-2-aminoacrylyl chloride ligand, the amine function of which is trans to the 
tertiary nitrogen of the tren ligand. Bond lengths in the framework of this bidentate ligand are (Cl)C-O = 1.267 (4), 
(Cl)C-C(NH2) = 1.387 (5), (NH2)C-C(H) = 1.387 (5), and C-N = 1.306 (4) A, respectively, and provide evidence of 
considerable x-electron derealization. The Co-O bond length is 1.936 (2) A and the Co-N bond lengths range from 1.938 
to 1.963 A. The conformations adopted by the tren ligand are discussed. The Vilsmeier-Haack reaction has been carried 
out also on the complexes (t)-[Co(tren)(gly)](C104)2 and /32-[Co(trien)(gly)](C104)2 and a proposed mechanism for the reaction 
is discussed. 
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For some time in this laboratory we have been endeavoring to 
prepare Co(III)-protected polyfunctional aldehyde complexes (1) 

H2 
CHO 

Co 
/ 

by a variety of methods with mixed success.6 One method involves 
the formylation of active methylene groups (2) by the Vilsmei-
er-Haack procedure,4 and since it is known that the methylene 
protons in chelated glycine are activated by coordination,7 some 
complexes of this type were examined. The most suitable of these 
was (p)-[Co(tren)(gly)](C104)2; (t)-[Co(tren)(gly)](C104)2and 
/32-[Co(trien)(gly)](C104)2 were also investigated briefly. 

In the regular organic reaction shown below, the Vilsmeier-
Haack intermediate 3 usually hydrolyzes rapidly in dilute acidic 
or basic aqueous solution to yield a formylated product8 4 (eq 1), 

RK ,H 

X POCI3 
DMF" 

R2 H 

2 

RHH 

N(CH3I2 
H2O 

H'/OH-
^ C ^ (D 

R2 H 

and similar chemistry could be anticipated for the chelated glycine 
moiety. Such C-formylglycine chelates would then have sub­
stantial synthetic potential for building organic molecules about 
the metal ion while controlling the reactivity of the coordinated 
amine groups and perhaps modifying other aspects of the organic 
chemistry. 

Experimental Section 
1H NMR spectra were recorded by using a JEOL Minimar 100 MHz 

spectrometer (external lock) with the internal reference sodium 3-(tri-
methylsilyl)propane sulfonate. Fourier transform 13C NMR spectra were 
measured by using a JEOL JNM-FX60 spectrometer (internal lock, 
D2O) using dioxane as the internal reference. Values of S are reported 
as positive downfield from the reference. Electronic absorption spectra 
were recorded with a Cary 118C Spectrophotometer as molar absorp-
tivities (M"1 cm"1). For ion-exchange chromatography, Dowex 50W-X2, 
(H+ form, 200-400 mesh) resin was used. The dimethylformamide 
(DMF) was Mallinckrodt AR grade and phosphorus oxychloride was 
Ajax Technical Grade. All evaporations were conducted at reduced 
pressure by using Biichi rotary evaporators. 

(p)-[Co(tren)(gly)](C104)2. M-[Co(tren)(N02)]202(C104)2
9-10 was 

used to obtain [Co(tren)(C03)]C104, via [Co(tren)Br2]Br-HBr and 
[Co(tren)(Me2SO)Br](C104)2. Upon treatment with HClO4 (4 M, 3 
equiv), being heated at 80 0 C (10 min) to remove CO2, and then the 
addition of NaOH (4 M, 2 equiv) to pH 7, purple needles of [Co-
(tren)(OH2)(OH)](C104)2 separated. The mixture was cooled (4 0C, 
1 h), and the hydroxoaqua complex was collected, washed with ethanol 
followed by ether, and air-dried. To this material (12.5 g) in H2O (20 
mL) was added glycine (2.5 g, 1.2 equiv), and the solution was heated 
at 80 0 C for 45 min, during which time the color changed from violet 
to orange-red. Excess NaClO4 was added and the solution cooled (4 0C, 
24 h) to yield golden orange needles of (p)-[Co(tren)(gly)](C104)2 (12.0 

(3) D. A. Buckingham, M. Dwyer, G. J. Gainsford, V. Jansen Ho, L. G. 
Marzilli, W. T. Robinson, A. M. Sargeson, and K. R. Turnbull, Inorg. Chem., 
14, 1739 (1975). 

(4) A. Vilsmeier and A. Haack, Ber. Dtsch. Chem. Ges., 60, 119 (1927); 
A. Vilsmeier, Chem. Z., 75, 133 (1951). 

(5) H. Bohme and H. G. Viehe In "Advances in Organic Chemistry", Vol. 
9, Part 1, Interscience, New York, 1976, pp 225-342, and references therein. 

(6) J. McB. Harrowfield and A. D. Watson, unpublished results. 
(7) M. Sato, K. Okawa, and S. Akabori, Bull. Chem. Soc. Jpn., 30, 937 

(1957); M. Murakami and K. Takahashi, ibid., 32, 308 (1959). K. R. 
Turnbull, Ph.D. Thesis, Australian National University (1965). D. A. 
Buckingham, L. G. Marzilli, and A. M. Sargeson, J. Am. Chem. Soc, 89, 
5133 (1967); D. H. Williams and D. H. Busch, ibid., 87, 4644 (1965). 

(8) L. F. Fieser and M. Fieser, "Reagents for Organic Synthesis", Wiley, 
New York, 1967, p 285 and references therein. 

(9) D. A. Buckingham, P. J. Cresswell, and A. M. Sargeson, Inorg. Chem., 
14, 1485 (1975). 

(10) W. G. Jackson and A. M. Sargeson, Inorg. Chem., 17, 2165 (1978). 

g, 88%):n «mM
471 = 105, W

3 4 3 = 100 M"1 cm"1 (H2O); 13C NMR 
spectrum (D2O) S +117.8 (COO), -4.9 (2 C), -7.5, -21.2, -21.8 (2 C) 
(tren CH2), -20.3 (glycine CH2). Anal. Calcd for [CoC8N5H22O10Cl2]: 
C, 20.08; H, 4.64; N, 14.64; Co, 12.33; Cl, 14.83. Found: C, 20.3; H, 
4.7; N, 14.5; Co, 12.1; Cl, 14.8. 

(p)- and (t)-[Co(tren)(gly)](C104)2. Glycine ethyl ester (5 g) was 
freshly prepared from the hydrochloride salt (10 g) suspended in ether 
(50 mL) by bubbling NH3(g) through the solution (20 min). Rapid 
evaporation of the ether at <25 0C gave the free crude ester which was 
added in one portion to a stirred aqueous solution (50 mL) of [Co-
(tren)(OH2)(OH)](C104)2 (20 g). The mixture was allowed to stand (25 
0C, 24 h), during which time the color changed from violet to a deep 
red-orange. The solution was then diluted with H2O (500 mL), sorbed 
on a column (300 X 400 mm) of cation-exchange resin, and washed with 
H2O (1 L). Elution with 1 M Na+ (pH 7, phosphate buffer) yielded 
three well-separated bands. After the mixture was washed with HCl (0.5 
M, 4 L) to remove Na+, these bands were eluted separately from the 
column with HCl (2-3 M). The first (violet, [Co(tren)(OH2)Cl]2+, 
~10)% was discarded. The next, orange, (p)-[Co(tren)(gly)]2+, was 
crystallized as described above. The final eluate containing red (t)-
[Co(tren)(gly)]2+ was reduced to near dryness, and HClO4 (6 M, 50 mL) 
and ethanol (50 mL) were added. The solution was cooled (4 0C, 24 h) 
to yield red needles of (t)-[Co(tren)(gly)](C104)2 (10 g, 45%):" em„4'8 

= 114, w 3 4 5 = 98 (H2O); 13C NMR spectrum (D2O) S +118.8 (COO), 
-3.2 (2 C), -4.5, -21.9 (2 C), -22.9 (tren CH2), -20.9 (glycine CH2). 
Anal. Calcd for [CoC8N5H22O10Cl2]: Co, 12.33; C, 20.08; H, 4.64; N, 
14.64; Cl, 14.83. Found: Co, 12.2; C, 19.9; H, 4.9; N, 14.3; Cl, 15.1. 

/32-[Co(trien)(gly)](C104)2-2H20 was obtained from 0-[Co(trien)-
(CO3)JClO4 (15 g)12 and glycine:13 yield, 11 g (66%); w

4 7 » = 128, 
W 3 4 7 = 141 (H2O); 13C NMR spectrum (D2O) S +117.6 (COO), -13.0, 
-14.2, -16.4, -17.7, -19.0, -20.1 (trien CH2), -25.2 (glycine CH2). Anal. 
Calcd for [CoC8N5H26O12Cl2]: Co, 11.46; C, 18.68; H, 5.10; N, 13.62; 
Cl, 13.79. Found: Co, 10.7; C, 18.6; H, 4.7; N, 12.8; Cl, 13.5. 

Vilsmeier-Haack Acylations. The following general procedure was 
employed. The Co(III) complex (5 g) in DMF (50 mL) was cooled to 
-10 0 C (salt/ice), and POCl3 (20 mL) was added dropwise over 40 min 
with stirring, while maintaining the temperature below 5 0C. Following 
the addition, the solution was stirred at 25 0C for 20 min, then cautiously 
poured into a mixture of ice (40 g) and water (400 mL), and finally 
sorbed on a column (100 X 40 mm) of H+ resin and washed well (H2O). 

(1) (p)-[Co(tren)(gly)](C104)2: eluting the column with HCl (3 M, 
4 L) yielded first mauve (p)-[Co(tren)(glyH)(Cl)]2+ (this was crystal­
lized as the dichloride salt from HC1/H26 and characterized by its 1H 
and 13C NMR spectra and elemental analysis). Anal. Calcd for 
[CoC3N5H23O2Cl3]: Co, 15.25; C, 24.84; H, 6.00; N, 18.11; Cl, 27.55. 
Found: Co, 15.2; C, 24.7; H, 5.8; N, 18.0; Cl, 27.7. The major species 
eluted from the column (orange 3+ ion) was taken to dryness and 
crystallized twice from H2O by using excess ZnCl2/HCl (3 M), to yield 
golden orange needles of (p)-[Co(tren)(3-(dimethylamino)-2-amino-
acrylyl chloride)]Cl-ZnCl4-H2O (5.2 g, 81%): ^ 4 8 1 = 146 (H2O); 1H 
NMR spectrum (D2O) & 2.6-3.6 (br, 12 H, tren CH2); 3.26, 3.52 (3 H, 
3 H, N(CHj)2), 4.8-5.1 (br, 2 H, NH2), 7.64 (s, 1 H, =C(H) -N) ; 13C 
NMR spectrum (D2O) 5 +110.1 (COCl), +91.6 (=C—N), +40.1 
(NH2-C=); -16.4, -26.4 (-N(CHj)2); -4.5 (2 C), -7.5, -20.9 (2 C), 
-21.6 (tren CH2). Anal. Calcd for [CoC11H29N6O2ZnCl6]: Co, 9.60; 
C, 21.50; H, 4.76; N, 13.68; Cl, 34.64. Found: Co, 9.5; C, 21.6; H, 5.0; 
N, 13.6; Cl, 34.6. This complex was also isolated as a mixed chloride 
perchlorate salt from H 2 0/HC10 4 (6 M). Anal. Calcd for 
[CoC11N6H29O1OCl4]: Co, 9.71; C, 21.75; H, 4.82; N, 13.84; Cl, 23.40. 
Found: Co, 9.9; C, 22.4; H, 5.0; N, 13.7; Cl, 23.5. 

(2) (t)-[Co(tren)(gly)](C104)2: eluting the column with HCl (3 M) 
yielded violet [Co(tren) (OH2)Cl]2+, which was discarded, followed by 
a deep red-orange 3+ species. This was taken to dryness and crystallized 
from H2O by using excess ZnCl2/HCl (3 M) to yield red needles of 
(t)-[Co(tren)(3-(dimethylamino)-2-aminoacrylyl chloride)] ZnCl4-Cl-
2H2O (4.0 g, 63%): Cmal

474 = 160 (H2O); 1H NMR spectrum (D2O) 6 
2.4-3.2 (br, 12 H, tren CH2), 2.92, 3.18 (3 H, 3 H, N(CHj)2), 5.0-5.3 
(br, 2 H, NH2), 6.91 (s, 1 H, =C(H)—N); 13C NMR spectrum (D2O) 
a +110.1 (COCl), +91.6 (=CN) , +40.1 ( N H 2 - C = ) , -16.5, 26.4 (N-
(CH3)2), -3.3 (2 C), -4.5, -21.9 (3 C) (tren CH2). Anal. Calcd for 
[CoC11N6H31O3ZnCl6]: Co, 9.32; C, 20.89; H, 4.94; N, 13.29; Cl, 33.66. 
Found: Co, 9.3; C, 21.6; H, 4.9; N, 13.2; Cl, 33.2. 

(3) /S2-[Co(trien)(gIy)](C104)2-2H20: eluting the column with HCl (3 
M) yielded a single orange 3+ species. This was taken to dryness and 

(11) The (p)- and (t)-[Co(tren)(gly)]2+ species have been prepared via a 
different route by E. Kimura, S. Young, and J. P. Collman, Inorg. Chem., 9, 
1183 (1970). 

(12) A. M. Sargeson and G. H. Searle, Inorg. Chem., 6, 787 (1967). 
(13) D. A. Buckingham and L. G. Marzilli, Inorg. Chem., 6, 1042 (1967). 
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Table I. Crystal Data and Details of Data Collection 

a, A 
b, A 
c, A 
/3, deg 
cell vol, A3 

Z 
<*obsd>°gcm-3 

dcalcd» 8 c m " 3 

space group 
MMoKa. cm-1 

cryst faces with perpendicular 
dists (mm) between pairs of 
faces in parentheses 

range of transmission factors6 

radiatn 
wavelength, A 

monochromator 
takeoff angle, deg 
cryst counter dist, cm 
scan speed (29) 
scan method 
scan widthc 

total background time (fb), s 
"standard" measurements 
"standard" indices 

cryst stability 

2e range 
data collected 
no. of intensities measd 
no. of reflctns wi th / > 3CT(7) 
pa d 

temp, 0C 
* s (=Eo s l (F 0 ) l£ IF 0 l ) 

14.608 (3) 
15.517(4) 
10.562(2) 
100.75 (2) 
2352.1 
4 
1.74(1) 
1.73 
PlJn 
24.6 
{010}.069, {210}.038, 
{2-10}.050, {10-1}.263 

0.854-0.924 
MoKa 
Ka1 = 0.7093, 

Ka2 = 0.713 59 
graphite (26 m = 12.16°) 
3 
28.5 
2°/min 
6/26 
from (26 - 0.5)° to 

(26 + A + 0.5)° 
20 
3 every 97 reflctns 
(-1,10,-1), (1,0,-7), 

(-11,0,-1) 
<9% isotropic intensity 

loss 
3-60° 
(h,k,±l) 
7727 
4631 
21.5 ± 1 
21.5 ± 1 
0.033 

a By flotation in bromoform/CCl4. b Applied to IF0I.
 c A is 

the separation (deg) of the Mo Ka1 and MoKa2 peaks at the 26 
value of the reflection. d Weights w = a"2 (F0) (reflection esd) = 
{[<j(f)l(LPr + /»iF0 l4} l / 2 /2IF0 l where o(I) = [CT + (tp/ 
rb)2(B, + B 2 ) ] " 2 with the intensity,/,= [ C T - ( V f n ) ( S 1 + S 2 ) ] 
where CT is the total peak count in fp (s), B1 and B2 are individu­
al background counts in fD/2 (s), and Lp (Lorentz-polarization 
correction)= (cos2 26 + cos2 26m) /2 sin 26. <7S(F0) (reflection 
esd from counting statistics along) = o(T)/2Lp\F0\. 

crystallized from HClO4 (6 M, 20 mL) by the addition of ethanol (80 
mL) to yield small blocklike crystals of /32-[Co(trien)(3-(dimethyl-
amino)-2-aminoacrylylchloride)](C104)rH20: w 4 7 6 = 132 (H2O); 1H 
NMR spectrum (D2O) S 2.4-3.4 (br, 12 H, trien CH2), 3.25, 3.54 (3 H, 
3 H, N(CHj)2), 6.6-7.0 (br, 2 H, NH2), 7.63 (s, 1 H, =CH—N); 13C 
NMR spectrum (D2O) 6 +110.1 (COCl), +91.3 (=CH—N), +40.0 
( N H 2 - C = ) , -16.5, -26.4 (N(CH3)2), -12.7, -14.0, -16.0, -17.4, -18.7, 
-24.5 (trien CH2). Anal. CaICdTOr[CoC11N6H29O14Cl4]: Co, 8.80; C, 
19.70; H, 4.36; N, 12.54; Cl, 21.19. Found: Co, 9.1; C, 20.4; H, 4.5; 
N, 12.5; Cl, 21.2. 

X-ray Structure Determination of 
(p)-[Co(tren)(3-(dimethylamino)-2-aminoacrylyl 
chloride)](ZnCl4)Ci-H20 

Collection and Reduction of X-ray Intensity Data. Preliminary 
Weissenberg and precession photographs show diffraction symmetry 2jm 
and systematic absences hOl, h + / = 2n + 1, and OJtO, k = 2« + 1, 
indicated the space group Plx/n (an alternate setting of the space group 
P2\/c). The accurate cell dimensions and crystal orientation matrix were 
derived by least-squares refinement, from the optimized 29, a, and x 
angles for each of 12 high-angle reflections (Mo Ka radiation, 26 > 40°). 
Intensities were measured on a Picker FACS-I computer-controlled 
four-circle diffractometer.14 Details of the crystal data and data col­
lection techniques are given in Table I. The intensities were corrected 
for absorption and reduced to |F0 | as described previously.15 

(14) The programs contained in the Picker Corp. FACS-I Disk Operating 
System (1972) were used for all phases of diffractometer control. 

(15) M. A. Bennett, T. W. Matheson, G. B. Robertson, A. K. Smith, and 
P. A. Tucker, Inorg. Chem., 19, 1014 (1980). 

Solution and Refinement of the Structure. Scattering factors for the 
atoms and the real and imaginary parts of the anomalous dispersion 
corrections were taken from ref 16. The computer programs used are 
described elsewhere.15 The MULTAN17 program package was used to 
compute normalized structure factors, Ehki, and to determine the phases 
of the 300 largest normalized structure factors. The E map with the 
highest figure of merit showed clearly both the tetrachlorozincate ion and 
the cobalt atom with its first coordination sphere. The remaining atomic 
positions were determined from successive difference Fourier syntheses. 
Full-matrix least-squares refinement of atomic positional parameters as 
well as anisotropic thermal parameters for the nonhydrogen atoms and 
isotropic thermal parameters for the hydrogen atoms reduced R 
(=LI|fol " \Fc\\/Z\Fo\) to the final value of 0.035 (Rv = l/,(2XIF0I 
- |Fc|)

2/i;w|F0|2) = 0.043). The function minimized was I > ( | F 0 | - |FC|)2 

with weights, w, as defined in ref 15. 
In the final cycle no parameter varied by >QAo for a hydrogen atom 

or >0.01ir otherwise. A difference synthesis calculated at the end of the 
refinement showed no feature with an absolute value of >0.4 e A"3. The 
quantity 72[Ew(I-FoI - |Fc|)

2/(n - m)] was 1.18. The minimized function 
was approximately independent of X"1 sin 0 or |F0|, and a comparison of 
|F0| with |FC|18 showed extinction to be unimportant. The final atomic 
parameters are listed in Table II. Structure factor listings are depos­
ited.18 

Results and Discussion 

(p)-[Co(tren)(gly)](C104)2 was synthesized stereospecifically 
from [Co( t ren)(OH 2 ) (OH)](C10 4 ) 2 and glycine. The p and t 
isomers were readily separated chromatographically from a 
~ 40:60 p / t mixture derived from the hydroxaqua complex and 
glycine ethyl ester." The glycinato complexes were characterized 
by elemental analyses, 1H and 13C N M R , and electronic spec­
troscopy. The orange p and red t isomers have been described 
previously;11 their configurations are known from single-crystal 
X-ray studies.19 

The Vilsmeier-Haack reaction was performed on the p isomer 
by using excess POCl3 in dimethylformamide, yielding an orange 
complex which eluted from cation-exchange resin as a 3+ ion. 
The reaction was complete in minutes at - 1 0 0 C . The product 
crystallized in good yield (~80%) as tetrachlorozincate chloride 
hydrate, triperchlorate, or chloride diperchlorate salts, and ele­
menta l analysis ind ica ted the ca t ion s to ich iomet ry 
[CoC11N6H27OCl]3+ . The 1H N M R spectrum showed a low-field 
singlet (1 H) at 5 6.64, attributable to an a-enamine proton 
- C H = N , and two field independent (60, 100 M H z ) singlets at 
8 3.26 (3 H) and 3.52 (3 H), consistent with diastereotopic methyl 
groups of a = N + ( C H 3 ) 2 moiety. These assignments were con­
firmed by the 1H coupled and decoupled 13C N M R spectra. The 
singlet at d 91.6 was split into a doublet (7 C H = 174.5 Hz) in the 
coupled spectrum, characteristic of a one-proton a coupling, 
- C H = N . The singlets at S -16.4 (1 C) and -26.4 (1 C) each 
split into a quartet (7 C H = 125 Hz) , consistent with inequivalent 
methyl groups. Further, a weakly coupled carbon signal was 
located at 5 40.1 (d, / C H = 6 Hz) . This was indicative of a fully 
substituted unsaturated carbon /3 to a methine, i.e., = C — C H . 
Finally, the 13C signal observed at S 110.1 was in the region 
expected for O-bound carboxylate. It appeared ~ 8 ppm upfield 
from its usual position ( ~ 1 1 8 ppm) which implied some d e r ­
ealization of the C = O x electrons. The Vilsmeier reaction had 
clearly taken place, but the location of the covalently bound Cl 
atom in the cation was not unequivocally defined by the prelim­
inary data. The Cl atom was obviously rather kinetically inert. 
Both the visible spectrum and the lack of reactivity with Ag + 

indicated that it was not bound to Co(III) , and an X-ray crys-
tallographic study was therefore undertaken to establish its 
structure. 

(16) J. A. Ibers and W. C. Hamilton, Eds., "International Tables for X-ray 
Crystallography", Vol. IV, Kyroch Press, Birmingham, 1974. 

(17) MULTAN refers to the 1974 version of the University of York direct 
methods package of programs written and assembled by P. Main, M. M. 
Woolfson, L. Lessinger, G. Germain, and J. P. Declercq. 

(18) Tables of the structure factors and details of strain-energy mini­
mization calcalculations will appear following these pages in the microfilm 
edition of this volume of the journal. 

(19) Y. Mitsin, J. Watanabe, Y. Haroda, T. Sakamaki, Y. Iitalea, Y. 
Kuslin, and E. Kimura, J. Chem. Soc, Dalton Trans., 2095 (1976). 



536 J. Am. Chem. Soc, Vol. 103, No. 3, 1981 

Table II. Final Atomic Parameters with Estimated Standard Deviations in Parentheses0 

Jackson, Sargeson, Tucker, and Watson 

ATO* 

CO 

C L ( D 

0 ( 1 ) 

N ( D 

N(2> 

N(S) 

N ( 4 ) 

N(S) 

N(«> 

C d ) 

C(2 ) 

C(5 ) 

CC4) 

C(5 ) 

C(6> 

CC7) 

C(S) 

C<9) 

C d O ) 

C d D 

ZN 

CL(J) 

CL(J) 

C L U ) 

CL<5) 

CLC6) 

0 ( 2 ) 

X/A 

0 . 8 8 5 7 3 ( 3 ) 

1 .1 5t 1 P (6 ) 

0 . 9 9 5 4 ( 1 ) 

0 . « 1 8 0 ( 2 ) 

0 . 7 7 7 4 ( 2 ) 

1 . 9 3 8 6 ( 2 ) 

0 . 8 3 7 2 ( 2 ) 

0 . 9 5 4 5 ( 2 ) 

1 . 0 8 6 2 ( 2 ) 

0 . 7 2 3 2 ( 2 ) 

0 . 7 2 2 9 ( 2 ) 

0 . 8 7 5 6 ( 3 ) 

0 . 9 0 8 4 ( 3 ) 

0 . 8 0 8 5 ( 3 ) 

0 . ' 7 7 9 ( 3 ) 

1 . 0 5 3 4 ( 2 ) 

1 . 0 3 8 3 ( 2 ) 

1 . 0 9 0 6 ( 2 ) 

1 . 1 4 0 1 ( 4 ) 

1 . 0 2 6 5 ( 3 ) 

0 . 4 4 3 2 3 ( 3 ) 

0 . 4 8 1 7 4 ( 7 ) 

0 . 3 5 8 0 2 ( 6 ) 

0 . 5 7 3 4 6 ( 6 ) 

0 . 3 5 6 7 9 ( 7 ) 

0 . 2 0 3 7 5 ( 6 ) 

0 . 3 6 4 2 ( 2 1 

»/B 

0 . 8 3 2 6 4 ( 3 ) 

0 . 8 2 3 7 5 ( 6 ) 

0 . 8 6 6 1 ( 1 ) 

0 . 9 3 6 8 ( 2 ) 

0 . 7 9 7 1 ( 2 ) 

0 . 8 9 8 5 ( 2 ) 

0 . 7 8 4 2 ( 2 ) 

0 . 7 2 6 9 ( 2 ) 

0 . 5 7 4 3 ( 2 ) 

0 . 9 3 4 6 ( 2 ) 

0 . 8 7 5 0 ( 2 ) 

1 . 0 1 0 2 ( 2 ) 

0 . 9 9 0 4 ( 2 ) 

0 . 9 3 7 0 ( 2 ) 

0 . 8 4 8 8 ( 2 ) 

0 . 8 0 4 7 ( 2 ) 

0 . 7 2 6 0 ( 2 ) 

0 . 6 5 3 7 ( 2 ) 

0 . 5 0 6 8 ( 3 ) 

0 . 5 4 3 6 ( 3 ) 

0 . 7 6 4 6 5 ( 3 ) 

0 . 8 0 4 3 2 ( 7 ) 

0 . 8 5 8 4 4 ( 6 ) 

0 . 7 4 3 0 6 ( 6 ) 

0 . 6 4 0 0 4 ( 6 ) 

0 . 4 0 1 9 2 ( 5 ) 

0 . 4 2 7 2 ( 3 ) 

Z/C 

0 . 1 8 5 0 2 ( 4 ) 

0 . 0 7 1 3 6 ( 1 0 ) 

0 . 1 1 8 8 ( 2 ) 

0 . 1 2 5 3 ( 2 ) 

0 . 2 5 4 5 ( 3 ) 

0 . 3 4 0 0 ( 3 ) 

0 . 0 1 4 6 ( 3 ) 

0 . 2 4 0 4 ( 3 ) 

0 . 2 0 7 3 ( 3 ) 

0 . 1 6 2 9 ( 3 ) 

0 . 2 7 5 1 ( 3 1 

0 . 1 8 6 0 ( 4 ) 

0 . 3 2 6 8 ( 4 ) 

- 0 . 0 1 8 6 ( 3 ) 

- 0 . 0 6 6 9 ( 3 ) 

0 . 1 2 9 6 ( 3 ) 

0 . 1 8 4 5 ( 3 ) 

0 . 1 6 7 8 ( 3 ) 

0 . 1 5 6 5 ( 6 ) 

0 . 2 9 4 3 ( 5 ) 

0 . 1 3 1 4 6 ( 4 ) 

0 . 3 3 7 2 9 ( « ) 

- 0 . 0 0 8 6 4 ( 8 ) 

0 . 0 4 3 7 9 ( 9 ) 

0 . 1 1 2 2 0 ( 1 0 ) 

0 . 8 9 2 5 1 ( 9 ) 

0 . 1 4 1 7 ( 4 ) 

8ETA11 

0 . 0 0 2 1 2 ( 2 ) 

0 . 0 0 3 4 0 ( 4 ) 

0 . 0 0 2 6 ( 1 ) 

0 . 0 0 2 9 ( 1 ) 

0 . 0 0 2 3 ( 1 ) 

0 . 0 0 2 8 ( 1 ) 

0 . 0 0 3 2 ( 1 ) 

0 . 0 0 2 5 ( 1 ) 

0 . 0 0 2 8 ( 1 ) 

0 . 0 0 2 7 ( 2 ) 

0 . 0 0 2 6 ( 2 ) 

0 . 0 0 3 5 ( 2 ) 

0 . 0 0 3 3 ( 2 ) 

0 . 0 0 3 9 ( 2 ) 

0 . 0 0 3 6 ( 2 ) 

0 . 0 0 2 4 ( 1 ) 

0 . 0 0 2 3 ( 1 ) 

0 . 0 0 2 6 ( 1 ) 

0 . 0 0 6 0 ( 3 ) 

0 . 0 0 4 8 ( 2 ) 

0 . 0 0 3 1 5 ( 2 ) 

0 . 0 0 5 2 5 ( 5 ) 

0 . 0 0 3 7 5 ( 4 ) 

0 . 0 0 2 7 5 ( 4 ) 

0 . 0 0 5 5 4 ( 5 ) 

0 . 0 0 4 0 0 ( 4 ) 

0 . 0 0 4 4 ( 2 ) 

6ETA22 

0 . 0 0 1 7 6 ( 1 ) 

0 . 0 0 3 4 9 ( 4 ) 

0 . 0 0 2 3 ( 1 1 

0 . 0 0 2 0 ( 1 ) 

0 . 0 0 2 6 ( 1 ) 

0 . 0 0 2 4 ( 1 ) 

0 . 0 0 2 4 ( 1 ) 

0 . 0 0 2 1 ( 1 ) 

0 .00 2 3 ( 1 ) 

0 . 0 0 2 8 ( 1 ) 

0 .0031 d ) 

0 . 0 0 2 0 ( 1 ) 

0 . 0 0 2 4 ( 1 ) 

0 . 0 0 3 1 ( 2 ) 

0 . 0 0 3 8 ( 2 ) 

0 . 0 0 2 8 ( 1 ) 

0 . 0 0 2 3 d ) 

0 . 0 0 2 9 ( 1 ) 

0 . 0 0 2 8 ( 2 ) 

0 . 0 0 3 0 ( 2 ) 

0 . 0 0 2 5 7 ( 2 ) 

0 . 0 0 4 7 6 ( 5 ) 

0 . 0 0 3 3 7 ( 4 ) 

0 . 0 0 4 6 9 ( 4 ) 

0 . 0 0 3 0 6 ( 4 ) 

0 . 0 0 2 7 8 ( 4 ) 

0 . 0 0 5 1 ( 2 ) 

BETA33 

0 . 0 0 3 7 7 ( 4 ) 

0 . 0 1 0 5 9 ( 1 1 ) 

0 . 0 0 6 0 ( 2 ) 

0 . 0 0 4 9 ( 2 ) 

0 . 0 0 5 6 ( 3 ) 

0 . 0 0 4 9 ( 3 ) 

0 . 0 0 4 4 ( 2 ) 

0 . 0 0 4 0 ( 2 ) 

0 .O0B3(3) 

0 . 0 0 6 8 ( 3 ) 

0 . 1 0 6 0 ( 3 ) 

0 . 0 0 8 1 ( 4 ) 

0 . 0 0 7 5 ( 4 ) 

0 . 0 0 4 9 ( 3 ) 

0 . 0 0 4 3 ( 3 ) 

0 . 0 0 5 1 ( 3 ) 

0 . 0 0 4 6 ( 3 ) 

0 . 1 0 5 9 ( 3 ) 

0 . 0 1 6 7 ( 7 ) 

0 . 0 1 1 6 ( 5 ) 

0 . 0 0 4 5 1 ( 3 ) 

C . 0 0 * 5 3 0 

0 . 0 0 6 4 9 ( 8 ) 

0 . 0 0 7 0 2 ! ' ) 

0 . 0 0 9 1 7 ( 1 0 ) 

0 . 0 0 7 4 5 ( 9 ) 

0 . 0 1 0 0 ( 4 ) 

BETA12 

0 . 0 0 0 1 3 ( 1 ) 

- 0 . 0 0 0 1 2 ( 3 ) 

0 . 0 0 0 0 ( 1 ) 

0 . " 0 0 3 ( 1 ) 

0 . 0 0 0 1 ( 1 ) 

o .oooKD 
0 . 0 0 0 0 ( 1 ) 

0 . 0 0 0 4 ( 1 ) 

0 . 0 0 0 3 ( 1 ) 

0 . 0 0 0 8 ( 1 ) 

0 . 0 0 0 5 ( 1 ) 

0 . 0 0 0 2 ( 1 ) 

0 . 0 0 0 0 ( 1 ) 

0 . 0 0 0 9 ( 1 ) 

0 . 0 0 0 7 ( 1 ) 

- 0 . " 0 0 2 ( 1 ) 

0 . 0 0 0 1 ( 1 ) 

0 . 0 0 0 0 ( 1 ) 

0 . " 0 0 7 ( 2 1 

0 . 0 0 0 9 ( 2 ) 

- 0 . 0 0 0 1 3 ( 1 ) 

- 0 . 0 0 0 7 0 ( 4 ) 

0 . 1 0 0 5 0 ( 3 ) 

- 0 . 0 0 0 1 2 ( 3 ) 

- 0 . 1 0 1 3 8 ( 4 ) 

- 0 . 0 0 0 8 7 ( 3 ) 

0 . 1 0 0 6 ( 1 ) 

BETA13 

0 . 1 0 0 7 5 ( 2 ) 

0 . 0 0 3 3 9 ( 5 ) 

0 . 0 0 1 5 ( 1 ) 

0 . 0 0 0 7 ( 1 ) 

0 . 0 0 1 0 ( 1 ) 

0 . 0 0 0 6 ( 2 ) 

0 . 0 0 0 9 ( 2 ) 

0 . 0 0 0 9 ( 1 ) 

0 . 0 0 1 5 ( 2 ) 

0 . 0 0 0 7 ( 2 ) 

0 . 0 0 0 6 ( 2 ) 

1 . 0 0 1 2 ( 2 ) 

0 . 0 0 0 8 ( 2 ) 

O.C009(2) 

0 . 0 0 0 5 ( 2 ) 

0 . 0 0 1 2 ( 2 ) 

0 . 0 0 0 8 ( 2 ) 

0 . 0 0 1 2 ( 2 ) 

0 . 0 0 5 2 ( 4 ) 

0 . 0 0 3 0 ( 3 ) 

0 . 0 0 1 0 8 ( 2 ) 

0 . 0 0 1 3 2 ( 5 ) 

0 . 0 0 1 0 7 ( 5 ) 

0 . 0 0 1 2 1 ( 4 ) 

0 . 1 0 3 3 7 ( 6 ) 

0 . 0 0 0 3 3 ( 5 ) 

- O . C 0 0 7 ( 2 ) 

BET«23 

1 . 0 0 1 2 0 ( 2 ) 

0 . 0 0 0 8 7 ( 5 ) 

0 . 0 0 0 5 ( 1 ) 

0 . 0 0 0 5 ( 1 ) 

0 . 0 0 1 4 ( 2 ) 

- 0 . 3 0 0 1 ( 1 ) 

0 . 3 3 1 1 ( 1 ) 

0 . 0 0 0 1 ( 1 ) 

- 0 . 0 0 0 4 ( 2 ) 

- 0 . 1 3 0 1 ( 2 ) 

- 0 . 0 0 0 3 ( 2 ) 

0 . 0 0 0 1 ( 2 ) 

- 0 . 0 0 1 0 ( 2 ) 

0 . 0 0 1 2 ( 2 ) 

0 . 0 0 0 5 ( 2 ) 

- 0 . 0 0 0 2 ( 2 ) 

0 . 3 0 0 1 ( 1 ) 

- 0 . 0 0 1 3 ( 2 ) 

- 0 . 1 0 1 1 ( 3 ) 

C . 0 0 1 8 ( 3 ) 

- 0 . 0 0 0 1 1 ( 2 ) 

- 0 . 0 0 0 3 7 ( 5 ) 

0 . 0 0 1 3 6 ( 4 ) 

- 0 . 0 0 1 3 7 ( 5 ) 

- 0 . 0 0 1 0 2 ( 5 ) 

0 . 0 0 0 2 0 ( 4 ) 

0 . 0 0 0 4 ( 2 ) 

H ( D 

H (2 ) 

H<3) 

H(4 ) 

H(5 ) 

H(6 ) 

M(7) 

H(8 ) 

H(9> 

H d O ) 

H d D 

H(12) 

H(13) 

H(14) 

H(15) 

rt 

0 

0 

0 

0 

0 

0, 

0, 

0, 

0. 

1 , 

0, 

0, 

1 , 

0, 

. 7 0 8 ( 2 ) 

. 6 8 4 ( 2 ) 

. 7 5 4 ( 2 ) 

. 6 6 4 ( 2 ) 

. 7 9 3 ( 3 ) 

. 7 4 3 ( 3 ) 

, 8 3 ' ( 2 ) 

, 9 3 1 ( 3 ) 

, 9 5 9 ( 3 ) 

, 8 5 7 ( 2 ) 

, 0 0 5 ( 3 ) 

, 9 2 5 ( 2 ) 

, 7 6 7 ( 2 ) 

, 8 7 1 ( 2 ) 

, 7 1 4 ( 3 ) 

0 . 9 9 2 ( 2 ) 

0 . 9 1 0 ( 2 ) 

0 . 9 0 1 ( 2 ) 

0 . 8 5 5 ( 2 ) 

0 . 7 6 3 ( 2 ) 

0 . 7 6 2 ( 3 ) 

1 . 06 2 ( 2 ) 

1 . 0 1 3 ( 2 ) 

1 . 0 2 7 ( 2 ) 

0 . 9 9 5 ( 2 ) 

3 . 8 9 8 ( 2 ) 

0 . 8 7 9 ( 2 ) 

0 . 9 7 7 ( 2 ) 

0 . 9 5 1 ( 2 ) 

0 . 8 3 7 ( 2 ) 

0 . 1 7 7 ( 3 ) 

0 . 0 8 7 ( 4 ) 

0 . 3 5 7 ( 3 ) 

0 . 2 8 4 ( 3 ) 

0 . 3 3 0 ( 4 ) 

1 . 1 9 9 ( 4 ) 

0 . 1 7 7 ( 3 ) 

0 . 1 * 9 ( 3 ) 

0 . 3 5 8 ( 4 ) 

0 . 3 7 4 ( 3 ) 

0 . 3 4 7 ( 4 ) 

0 . 4 0 6 ( 4 ) 

- 0 . 0 5 0 ( 3 ) 

- 0 . 0 3 8 ( 3 ) 

- 0 . 0 6 1 ( 3 ) 

6 < A " 2 > 

2 

2 

2 

2 

3 

5, 

2. 

3. 

3, 

2, 

3. 

2. 

2 . 

2 . 

3. 

. 1 ( 7 ) 

. 8 ( 8 ) 

. 3 ( 7 ) 

, 4 ( 7 ) 

. 3 ( 8 ) 

, 1 ( 1 1 ) 

, 5 ( 7 ) 

, 3 ( 8 ) 

, 8 ( 9 ) 

, 5 ( 7 ) 

, 4 ( S ) 

, 6 ( 8 ) 

, 2 ( 7 ) 

8 ( 8 ) 

, 0 ( 5 ) 

H (16 ) 

H(17) 

H ( I S ) 

H (19 ) 

H(20) 

H ( 2 D 

H<22) 

H ( 2 3) 

H(24) 

H(23) 

H(26) 

H(27) 

H(26) 

H(29) 

0 . 7 8 5 ( 3 ) 

0 . 8 8 1 ( 3 ) 

0 . 8 0 4 ( 3 ) 

0 . 9 7 1 ( 3 ) 

0 . 9 1 6 ( 4 ) 

1 . 1 3 4 ( 2 ) 

1 . 1 7 7 ( 3 ) 

1 . 0 9 7 ( 3 ) 

1 . 1 7 0 ( 7 ) 

0 . 9 6 9 ( 4 ) 

1 . 0 5 0 ( 3 ) 

1 . 0 2 8 ( 3 ) 

0 . 3 6 1 ( 4 ) 

0 . 3 2 3 ( 4 ) 

0 . 8 4 5 ( 2 ) 

0 . 7 7 4 ( 3 ) 

0 . 7 3 8 ( 2 ) 

0 . 7 2 S ( 2 ) 

0 . 6 8 1 ( 4 ) 

0 . 6 6 4 ( 2 ) 

0 . 4 6 6 ( 3 ) 

0 . 4 6 8 ( 3 ) 

0 . 5 2 9 ( 3 ) 

0 . 5 2 7 ( 3 ) 

0 . 4 9 3 ( 3 ) 

0 . 5 8 4 ( 3 ) 

0 . 4 7 2 ( 4 ) 

0 . 4 0 6 ( 3 ) 

- 0 . 1 5 2 ( 4 ) 

- 1 . 0 1 6 ( 4 ) 

0 . 0 2 3 ( 4 ) 

. ' 2 1 ( 4 ) 

. 2 0 6 ( 5 ) 

. 1 2 3 ( 3 ) 

. 2 2 2 ( 5 ) 

. 1 0 6 ( 4 ) 

. 1 0 7 ( 5 ) 

1 . 2 5 0 ( 5 ) 

0 . 3 3 1 ( 4 ) 

0 . 3 5 8 ( 4 ) 

0 . 1 5 4 ( 6 ) 

0 . 1 6 0 ( 6 ) 

e ( * " 2 ) 

3, 

3, 

3, 

3, 

S, 

2, 

6, 

5. 

4, 

7, 

3, 

5. 

7, 

7, 

• 5 ( 9 ) 

, 6 ( 1 0 ) 

, 3 ( 9 ) 

, 4 ( 9 ) 

, 3 ( 1 5 ) 

, 4 ( 7 ) 

, 4 ( 1 3 ) 

, 4 ( 1 2 ) 

, = ( 1 2 ) 

, 5 ( 1 5 ) 

, = ( 9 ) 

, 1 ( 1 2 ) 

, 5 ( 1 9 ) 

, 5 ( 1 5 ) 

° Anisotropic temperature factors take the form exp[-(/3n/i
2 + p22k* + P13I

2 + 2Pnhk + 20l3M + 2(323W)]. 

Figure 1. Molecular geometry and atom numbering in the [Co(tren)-
(3-(dimethylamino)-2-aminoacrylyl chloride)] cation. Hydrogen atoms 
are unlabeled. 

CK2) 

Cl (4) 

CK3) 

Figure 2. Geometry and atom numbering in the tetrachlorozincate anion. 

Single-Crystal X-ray Structure of the Vilsmeier Adduct. The 
crystal contains discrete molecular and ionic units linked by hy­
drogen bonding. The molecular geometry of the cation is shown 
in Figure 1, and bond lengths and angles are listed in Table III. 
The molecular geometry of the tetrachlorozincate anion is shown 
in Figure 2. 

The Cation. The neutral ligand 3-(dimethylamino)-2-amino-
acrylyl chloride is bonded to the Com(tren) moiety with the bound 
oxygen atom trans to a primary nitrogen of the tren ligand (p 
isomer). The geometry at cobalt is very approximately octahedral. 
Deviations of atoms from the three coordination planes of the 



Synthesis and X-ray Crystal Structure 

Table IH. Bond Lengths (A) and Angles (Deg) in the Cation" 

0 Estimated standard deviations are given in parentheses. 

octahedron and dihedral angles between these planes are listed 
in Table IV. The three Co-N(amine) bonds trans to amino 
groups do not differ appreciably in length, although the Co-N(2) 
bond trans to the coordinated acid chloride function is marginally 
shorter (by ~0.02 A). N(2) does not appear to be involved in 
the hydrogen-bonding network (Table V) in contrast to the N(3), 
N(4), and N(5). The bond length from cobalt to secondary or 
tertiary nitrogen atoms in multidentate chelating amines is usually 
shorter than the bond length from cobalt to primary amine ni­
trogen, and this trend is evident here; Co-N(I) is shorter (by 
~0.02 A) than Co-N(3) and Co-N(4). The Co-O(I) bond 
length in the acid chloride function (1.936 (2) A) lies at the higher 
end of the range, found in previously reported work for carboxylate 
complexes.20 Finally, the mean C-N bond length for the tren 
ligand (1.495 A) is very similar to equivalent quantities in 
(tren)Co11119'21 and (Metren)Co11122 complexes. 

The three five-membered chelate rings of the Co(tren) moiety 
adopt the enantiomorphic (5XX) and (5X5) conformations (Figure 
1). This is one of the four energetically distinct enantiomorphic 
sets. 

Strain-energy minimization calculations on the model cation 
[Co(tren)(en)]3+ indicate that the observed set of conformations 
of the tren ligand is energetically more stable by at least 2.7 kcal 
mol"1 over the next highest energy set. A summary of the results 
of these calculations is deposited as supplementary material,18 and 
the subject is not pursued further here other than to note that this 
same (5XX) configuration, or its enantiomorph (5X5) (or both), 
is observed in all other octahedral metal tren complexes reported 
to date, e.g., [Co(tren)(NCS)2]NCS23 and (p)- and (t)-[Co-
(tren)(gly)](C104)2.19 A different situation appears to pertain 
for five-coordinated complexes, e.g., [Cu(tren)(SCN)]NCS24 and 
[Co(Me6tren)Br]+,25 which adopt the (XXX) set, but we have not 
carried out strain-energy calculations for the trigonal-bipyramidal 
geometry. 

(20) Afo/. Struct. Diffr. Methods, 3 (1975). 
(21) G. M. McLaughlin, W. G. Jackson, and A. D. Watson, unpublished 

results. 
(22) D. A. Buckingham, J. D. Edwards, T. W. Lewis, and G. M. 

McLaughlin, in preparation. 
(23) F. A. Kundell, R. G. Hazell, and S. E. Razmussen, Acta Crystallogr., 

Sect. B, B31, 2879 (1975). 
(24) P. C. Jain and E. C. Lingafelter, J. Am. Chem. Soc., 89, 6131 (1967). 
(25) M. DiVaira and P. L. Orioli, Inorg. Chem., 6 (1967). 
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The bidentate ligand 3-(dimethylamino)-2-aminoacrylyl chlo­
ride is approximately planar. Deviations from the mean coor­
dination planes about N(6), C(9), and C(8) are given in Table 
IV. Maximum electron delocalization and exact planarity are 
compromised by steric interactions between the methyl group 
C(I I)H3 (Figure 1) and the amine group N(5)H2 which lead to 
the distortion observed. However, it is clear that equivalent ligand 
planarity for the other possible ligand configuration, E, where the 
dimethylamino and amino functions are trans with respect to the 
C(8)—C(9) bond, is less likely because of an even closer approach 
of two groups, the methyl group and the chlorine atom of the acid 
chloride function. 

The N(6)—C(IO) and N(6)—C(11) bond lengths (mean 1.465 
A) are not significantly different from the usual value for a 
C—N(sp2) bond length (1.472 A).26 However, the N(6)—C(9) 
bond length (1.306 A) approaches more closely that expected for 
a carbon-nitrogen double bond.2728 The C(8)—C(9) and C-
(7)—C(8) bond lengths do not differ significantly and lie between 
accepted values for C(sp2)=C(sp2) (1.33 A)26 and C(sp3)—C(sp3) 
(1.51 A),26 being similar to the C—C bond length in benzene 
(1.395 A).26 The C(7)—0(1) bond length (1.267 A) lies between 
values observed for the shorter (1.233 A)27 and longer (1.358 A)26 

C—O bonds in carboxylic acids and esters. These observations 
together with the approximate planarity of the ligand suggest 
approximately equal contributions from the resonance structures 
5. This structure is stabilized both by coordination to cobalt and 

CH3 CH3 H3C CH3 

N_. N t 

5 

by the presence of the dimethylamino group. A comparison of 
bond lengths for the O=C—C(=0)C1 framework with equivalent 
quantities in acrylyl chloride29 emphasizes the delocalization. The 
C(7)—Cl(I) bond length (1.723 A) is similar to that in acrylyl 
chloride. 

The angles C(9)-N(6)-C(ll), C(8)-C(9)-N(6), and N(5)-
C(8)-C(9) are all larger than the "ideal" value of 120°. This 
is probably to avoid too close an approach of the methyl group 
C(I I)H3 to the coordinated amine function N(5)H2. Even with 
these distortions the N(19)...H(27) contact (2.34 A) is short (Table 
V). 

The Tetrachlorozincate Anion. The Zn-Cl bond lengths fall 
within the range reported in other determinations of the geometry 
of the tetrachlorozincate ion.22,30"32 The anion exhibits a distorted 
tetrahedral geometry. The angles Cl(2)-Zn-Cl(4), Cl(2)-Zn-
Cl(5), and Cl(4)-Zn-Cl(5) are approximately the tetrahedral 
value (109°28'), but Cl(2)-Zn-Cl(3) is larger and the remaining 
two angles are smaller, indicating the major distortion arises from 
moving Cl(3) away from Cl(2) toward the midpoint of the Cl-
(4)-Cl(5) vector. It is not possible to relate this distortion, or 
indeed the significant variation in Zn-Cl bond lengths, to the 
hydrogen-bonding scheme (Table V). There is, however, a close 

(26) "Tables of Interatomic Distances and Configuration in Molecules and 
Ions", The Chemical Society (London), Spec. Publ.-Chem. Soc, No. 11 
(1958); No. 18 (1965). 

(27) An estimate for C=N is given as 1.27 A by K. Nishimoto and L. S. 
Forster, Theor. Chim. Acta, 155 (1966). 

(28) In triphenylimine the (formally) C=N bond length is 1.278 (4) A 
and has an estimated bond order of 1.91. P. A. Tucker, A. Hoekstra, J. M. 
ten Cate, and A. Vos, Acta Crystallogr., Sect. B, B31, 733 (1975). 

(29) In acrylyl chloride, CH2=CH-C(O)Cl, the bond lengths are C=C 
= 1.36, C - C = 1.44, C=O = 1.20, and C-Cl = 1.74 A, respectively. T. 
Ukaji, Bull. Chem. Soc. Jpn., 30, 737 (1957). 

(30) D. W. Meek and J. A. Ibers, Inorg. Chem., 9, 465 (1970). 
(3I)P. R. Ireland, D. A. House, and W. T. Robinson, Inorg. Chim. Acta, 

4, 137 (1970). 
(32) J. R. Wiesner, R. C. Srivastava, C. H. L. Kennard, M. DiVaira, and 

E. C. Lingafelter, Acta Crystallogr., 23, 565 (1967). 
(33) D. A. Buckingham, D. M. Foster, and A. M. Sargeson, J. Am. Chem. 

Soc., 91, 3451 (1969), and references therein. 

Co-N(I) 
Co-N(2) 
Co-N(3) 
Co-N(4) 
Co-N(5) 
Co-O(I) 

N(I)-C(I) 
N(I >-C(3) 
N(IhC(S) 
N(2)-C(2) 
N(3)-C(4) 
N(4)-C(6) 

C(l)-C(2) 
C(3)-C(4) 
C(5)-C(6) 

C(7)-0(l) 
C(7)-C1(1) 
C(7)-C(8) 
C(8)-N(5) 
C(8)-C(9) 
C(9)-N(6) 
N(6)-C(10) 
N(6)-C(ll) 

C(8)-C(9)-N(6) 
C(9)-N(6)-C(ll) 
C(9)-N(6)-C(10) 
C(ll)-N(6)-C(10) 

1.938(3) 
1.944 (3) 
1.963 (3) 
1.958 (3) 
1.955 (3) 
1.936 (2) 

1.511 (4) 
1.490 (4) 
1.501 (4) 
1.486 (4) 
1.492 (4) 
1.490 (4) 

1.504 (5) 
1.507 (5) 
1.500 (5) 

1.267 (4) 
1.723 (3) 
1.387 (5) 
1.456 (4) 
1.387 (4) 
1.306 (4) 
1.470 (5) 
1.461 (5) 

131.4(3) 
125.4 (3) 
119.6(4) 
114.9(3) 

0(I)-Co-N(I) 93.7 (1) 
O(l)-Co-N(2) 178.6 (1) 
0(l)-Co-N(3) 86.4 (1) 
0(l)-Co-N(4) 87.3 (1) 
0(I)-Co-N(S) 85.4 (1) 
N(l)-Co-N(2) 87.5 (1) 
N(l)-Co-N(3) 86.3 (1) 
N(l)-Co-N(4) 86.8 (1) 
N(l)-Co-N(5) 178.4 (1) 
Co-N(4)-C(6) 110.2(2) 
Co-N(3)-C(4) 110.8(2) 
Co-N(2)-C(2) 108.7 (2) 
Co-N(I)-C(I) 109.5 (2) 
Co-N(l)-C(3) 106.5 (2) 
Co-N(l)-C(5) 106.1 (2) 
N(2)-C(2)-C(l) 107.7 (3) 
N(3)-C(4)-C(3) 108.8 (3) 
N(4)-C(6)-C(5) 108.2 (3) 
N(l)-C(l)-C(2) 111.0(3) 
N(l)-C(3)-C(4) 108.6 (3) 
N(l)-C(5)-C(6) 108.0 (3) 
Co-O(l)-C(7) 110.5 (2) 
0(1)-C(7)-C1(1) 116.1 (2) 
0(1)-C(7)-C(8) 123.0 (3) 
C(8)-C(7)-C1(1) 120.9 (2) 
C(7)-C(8)-N(5) 111.9(3) 
C(7)-C(8)-C(9) 121.6 (3) 
C(9)-C(8)-N(5) 125.8 (3) 
Co-N(5)-C(8) 108.1 (2) 
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Table IV 

Least-Squared Planes and Distances (A) of Atoms from Those Planes 

plane 

i 

n 

in 

IV 

V 

Vl 

VU 

atoms defining plane 

Co, N(3), N(4), N(I), N(5) 

Co, N(2), 0(1), N(I), N(5) 

Co, 0(1), N(2), N(3), N(4) 

0(1), C(7), C(8), N(5) 

N(6),C(9), C(IO), C( I l ) 

C(8), C(7), C(9), N(5) 

C(9), C(8), N(6), H(21) 

i and i i 80.8 
ii and iv 8.9 
v and vi 12.9 

Co 
N(I) 
Co 
N(I) 
Co 
N(3) 
0(1) 
N(5) 
C(9) 
N(6) 
C(I l ) 
C(8) 
N(5) 
C(IO) 
C(9) 
H(21) 
C(IO) 

-0 .052 
-0 .041 
-0.005 

0.017 
-0.041 

0.083 
0.016 

-0 .013 
0.298 

-0.020 
0.007 

-0.052 
0.017 
0.334 
0.001 
0.000 
0.236 

N(3) 
N(5) 
N(2) 
N(5) 
0(1) 
N(4) 
C(7) 
Co 
N(6) 
C(9) 
C(8) 
C(7) 
N(6) 

C(8) 
C(7) 
C(I l ) 

dist of atoms from the plane 

0.063 
-0 .033 
-0.014 

0.017 
-0.067 

0.083 
-0.030 

0.213 
0.432 
0.008 
0.184 

o.dn 
0.012 

0.000 
0.046 
0.139 

Angles (Deg) between Planes 

i and iii 
v and vii 

86.7 
8.9 

N(4) 

0(1) 

N(2) 

C(8) 
Cl(I) 
C(I l ) 
C(IO) 

C(9) 
C(Il) 

N(6) 
N(5) 

ii and iii 

0.064 

-0.015 

-0.058 

0.026 
-0.169 

0.185 
0.006 

0.019 
-0.212 

0.000 
0.170 

vi and vii 

C(IO) 0.95 

89.0 
4.1 

Table V. Probable Hydrogen-Bonding Interactions and Short 
Nonbonded Contacts" 

(a) Hydrogen Bonding Interactions 

A - H - B 

C1(1)-H(17) I-N(4)1 

Cl(4)-H(19) I I-N(5) n 

Cl(5)-H(12) I I-N(3) n 

A - B , A - H 
A A 

3.37 2.62 
3.38 2.59 
3.37 2.58 

C l (6 ) -H(18) I n -N(4 ) m 3.14 2.35 
Cl (6 ) -H(20) I n -N(5) n l 3.18 2.26 
Cl(5)-H(28)-0(2) 
Cl(6)-H(29) I V -0(2) 1 

0 ( 2 ) - H ( l l ) v - N ( 3 ) V 

angles (deg) 
around Cl(6) 

H(18)-C1(6)-
H(20) 64 

H(18)-C1(6)-
H(29) 79 

H(2)-C1(6)-
H(29) 142 

3.32 2.64 
v 3.21 2.31 

2.89 1.95 

angles (deg) 
around 0(2) 

H(28)-0(2) -
H(19) 109 

H(29)-0(2) -
H(19) 116 

H(28)-0(2)-
H(29) 116 

H-B, 
A 

0.79 (5) 
0.84 (4) 
0.82 (4) 
0.89 (4) 
0.94 (5) 
0.71 (6) 
0.94 (5) 
0.96 (4) 

< A - H -
B, deg 

159 
157 
162 
148 
166 
161 
160 
166 

angles (deg) 
around Cl(5) 

H(12)-C1(5)-
H(28) 

Zn~Cl(5)--
H(12) 

Zn-Cl(5)--
H(28) ] 

(b) The Shorter Nonbonded Interactions (A) 

H(19)-H(27) 
H(19)-H(28) V I 

Cl ( I ) -C l (3 ) V n 

C1(2)-H(23)V I 

Cl(2)-H(4) 
Cl(3)-H(19) n 

C1(3)-H(26JVI 

C l ( 3 ) - H ( l ) V n 

Cl(4)-H(6) 

2.34 Cl(4)-1 
2.28 Cl(5)-1 
3.29 Cl(5)-1 
2.89 Cl(6)-1 
2.93 Cl(6)-1 
2.96 Cl(6)-1 
2.96 Cl(6)-i 
2.97 
2.72 

H(15) 
H(16)! 

H(3)n 

H(IO)1 

H(6) n l 

H(25) m 

92 

83 

L45 

2.90 
2.89 
2.90 
2.79 
2.82 
2.88 
2.91 

a The superscripts refer to atoms related to those in Table II by 
the operations: (I)* - 1Iz, VU -y, 1U +z; (II)Jt- 1U, l'A -y, 
z-'/2; (III) 1-x, l-y, 1 - z ; (W)x,y, 1 + z; (V) VU -x, 
-1I. +y, 1U - z ; (VI) Vl1 -x, 1U +y, 1U - z ; (VII) 1 -x, 2 -y, 
-ZJ(VIII) 1 +x,y,z. 

approach of Cl(I) in the cation to Cl(3) of the tetrachlorozincate 
anion (Table V), and it seems likely that this gives rise to the 
distortion. The differences in Zn-Cl bond lengths then appear 
to result from an attempt to equalize Cl-Cl nonbonded contacts 
within the tetrachlorozincate anion. This is an example of large 
variations in bond length arising from a spacially anisotropic 
distribution of nonbonding (van der Waals) contacts. 

Crystal Packing. The packing of ions in the crystal lattice 
(Figure 3) is probably determined by hydrogen-bonding inter­

actions. The more important of these, using the shorter A - B 
contacts and a—H-B angles approaching 180° as the criteria, are 
marked by thin lines in Figure 3, and the details are listed in Table 
V. Although the chloride ion Cl(6) on the basis of the above 
criteria appears to be involved in three hydrogen-bonding inter­
actions, the angles subtended by the hydrogen atoms at chlorine 
deviate substantially from those expected for sp3-hybridized 
chlorine. The shorter nonbonding contacts (<2.5 A for H - H , 
<3.0 A for Cl-H, and <3.6 A for Cl-Cl) are also listed in Table 
V. Only the C1(1)-C1(3) contact (3.29 A) is exceptionally short. 

Isomerism and Stability. The visible spectrum of the cation 
shows its first ligand field band at 471 nm (e = 105 M"1 cm"1) 
consistent with the (p)-[Co(tren)0-N] structure.19 The t isomers 
absorb at significantly lower energies (\mM « 500 nm).10 Fur­
thermore, the 13C NMR spectrum also appears to be diagnostic 
of the p configuration. A consistent relationship has been observed 
between the (Co(tren)O-N] topology and the chemical shifts of 
the tren methylene carbon atoms in several p and t isomeric pairs 
where the geometry is known.21 In the trans isomers, the carbons 
a to the tertiary amine center absorb at S -3.3 (2 C) and -5.0 
(1 C) and those a to the primary amine at 5-21.9 (2 C) and -22.9 
(1 C). For the p isomers, the absorption pattern 8 -4.6 (2 C), 
-7.3 (1 C) and S -20.9 (2 C), -21.6 (1 C) is distinctly different, 
and the Vilsmeier products clearly fit into this category. The 2:1 
intensity ratios are also consistent with the mirror symmetry of 
the molecular structure through a plane incorporating the Vil­
smeier chelate. 

It is clear that neither the chromophore nor the complex to­
pology were affected much by attack from the Vilsmeier-Haack 
reagent on the glycine ligand. 

The delocalization observed should restrict rotation about the 
C-NMe2 bond and thereby account for the diastereotopic methyl 
group. It would also accommodate the inertness of the Cl" ion 
to hydrolysis since the ligand is now akin to a less reactive chloro 
vinyl ether rather than a reactive acid chloride. The delocalization 
therefore raises an additional isomer problem since the ligand can 
adopt either the E (6) or Z (7) configuration. The isolated 

Co 
O ^ 

I 

CH3 

Co 
CH3 

EOh) 

H3C 

// 

3 ; | H 

V I ' - ^ C I 

Z(I) 

CH3 

complex was isomerically pure Z although both Z and E forms 
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Figure 3. Geometry and atom numbering in the tetrachlorozincate anion. 

appear to have been observed in solution. The 1H NMR spectrum 
of the crude product isolated almost quantitatively from the re­
action mixture showed two low-field singlets at 6 7.64 and 6.86. 
There was a corresponding doubling of the =N+(CH3)2 signals 
(S 3.26, 3.52 and 5 3.86, 3.06). Neither set of signals corresponded 
to those for free dimethylformamide nor dimethylamine. The 
relative intensity of the two sets varied somewhat from synthesis 
to synthesis but was generally ~ 1:4, the major component being 
that isolated. The 1H NMR spectrum of the mixture following 
elution from an ion-exchange resin with HCl and evaporation to 
dryness showed only the presence of the isolated isomer along with 
(p)-[Co(tren)(NH2CH(CHO)C02)]

2+. These results imply the 
existence of the less stable E isomer which apparently hydrolyzes 
to the aldehyde complex. All attempts to crystallize or isolate 
this minor species by chromatography (in neutral or acid solutions) 
failed. It was clear also that the two isomers do not equilibrate. 
The addition of the pure major adduct to the isomer mixture yields 
a corresponding change in the 1H NMR spectrum of the Z isomer 
but not that of the E isomer, and no further change occurs with 
time in neutral solution. In acid solution, the absorptions ascribed 
to the minor component are replaced completely by signals at­
tributable to the formyl glycine complex and free dimethylamine; 
i.e., its hydrolysis is faster than its conversion to the stable Z form. 

An examination of Dreiding models indicated that the Z isomer 
would be less sterically hindered than the E isomer. In the latter, 
the Cl atom and one of the methyl groups interact significantly. 
The ligand may be required to distort substantially to alleviate 
this congestion with consequent loss of energy of derealization. 
Such a rationale is consistent with the relative stabilities of the 
two isomers to hydrolysis. 

Other Products. By carrying out the Vilsmeier reaction on 
(p)-[Co(tren)(gly)]2+ at higher temperatures (20-40 0C) and by 
using excess of the premixed reagents (DMF/P0C13), we obtained 
a purple side product also (1-10% yield). It chromatographed 
as a 2+ ion and was crystallized as its dichloride salt. Elemental 
analysis indicated the cation stoichiometry [CoC8N5H2SO2Cl]. 
1H, 13C NMR, and visible spectra indicated quite clearly that it 
was (p)-[Co(tren)Cl(NH2CH2COOH)]Cl2, i.e., N-bound uni-
dentate glycine. The proposed mechanism for the Vilsmeier 
reaction (vide infra) can accommodate its formation, but presently 
we just note it as another synthetic route to a N-bound unidentate 
glycinato complex. Usually the N-bound form, e.g., [Co-
(NH3)5(NH2CH2COOH)]3+, is prepared from glycine ester, which 
binds initially through nitrogen; subsequent hydrolysis of the ester 
group gives the acid.33 This novel aspect of the Vilsmeier pro­
cedure has been extended to [Co(en)2(NH2(CH2)2S)]2+ where 
POCI3/DMF has been used to open the aminothiol ring to produce 
cw-[Co(en)2Cl(NH2(CH2)2SH)]2+;21 dangling thiols are generally 
difficult to prepare in Co(III) chemistry since they readily reduce 
Co(III) to Co(II) and trigger ligand disproportionate reactions. 

Other Vilsmeier Adducts. The Vilsmeier reaction seems gen­
erally applicable to [CoN4(gly)]2+ complexes. The anticipated 
products were obtained from c(5-/32-(i?^?,55')-[Co(trien)(gly)]-
(C104)2 and (t)-[Co(tren)(gly)](C104)2 in good yield. By com­
parison with the (p)-[Co(tren)(gly)]2+ adduct of known config-
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. Thin lines represent possible hydrogen-bonding interactions. 

uration (Z), their spectroscopic properties again indicated the Z 
configuration for the 3-(dimethylamino)-2-aminoacrylyl chloride 
ligand and retention of the remaining ligand geometry. No E 
isomers were observed, even transiently. Work in progress on the 
[Co(en)2(gly)]2+ system indicated that routes to chiral complexes 
of the type A-[Co(en)2NH2CH(CHO)C02]

2+, derived from the 
Vilsmeier adduct by hydrolysis, are viable and these appear to 
be extremely useful synthetic intermediates in the synthesis of some 
natural products. 

Mechanism. Vilsmeier-Haack formylations are believed to 
occur via an initial reaction between POCl3 and dimethylform­
amide to form the chlorodimethyliminium salt (8)4,34"37 (Scheme 
I). There appears to be some debate about the most abundant 
form of the salt, whether Cl" or OPOCl2" is bound to the C atom 
for example.34"37 However, there is agreement that an equilibrium 
is established relatively slowly (k < 10"3 M"1 s"1 at -20 0C) but 
neither the rates nor the equilibrium constants are consistent.34,36 

The results are dependent on the method of measurement. In one 
study34 the kinetics for the Vilsmeier intermediate formation and 
decay were deduced from the rate of its reaction with the substrate. 
Depending on the substrate, either the formation of the inter­
mediate or its capture could be made rate determining. In another 
study,36 the intermediate's production and supposedly its equili­
bration were established by NMR techniques and subsequently 
by infrared and Raman spectroscopy.37 The discrepancies which 
exist may reside in the different phenomena which the different 
strategies essentially measure. It suffices for this study to note 
that the intermediate is apparently in equilibrium with POCl3 and 
DMF on a long time scale and that POCl3 is not consumed all 
that rapidly. 

Aliphatic carboxylic acids of the type RCH2COOH are inert 
to formylation under these conditions unless R activates the ad­
jacent methylene carbon to electrophilic attack, i.e., R should be 
an aromatic or heteroatomic group, halogen or carboxylate de­
rivative.38 Attempts to formylate glycine hydrochloride and its 
./V-methyl, JV-benzyl, and ^-phenyl derivatives by using 8 (4 h 
at 80 0C followed by 2 h at 125 0C in excess DMF)39 resulted 
in trimethinium salts of the type depicted in Scheme I. The 
Vilsmeier intermediate is proposed39'40 as the electrophile intro­
ducing the Cl atom to give the acid chloride (9) in the first instance 
and thereby the lability into the methylene group. The equilibrium 

(34) S. Alunni, R. Linda, G. Marino, S. Santini, and G. Savelli, J. Chem. 
Soc., Perkin Trans. 2, 2070 (1972). 

(35) A. Cipiciani, S. Clementi, R. Linda, G. Marino, G. Savelli, J. Chem. 
Soc, Perkin Trans. 2, 1284 (1977) and references therein. 

(36) G. J. Martin and S. Poignant, J. Chem. Soc, Perkin Trans. 2, 642 
(1974). 

(37) C. Rabiller, J. P. Renou, and G. J. Martin, / . Chem. Soc, Perkin 
Trans. 2, 536 (1977) and references therein; W. Scheuermann, G. McGiI-
livray, and J. White, J. Raman Spctrosc, 6, 204 (1977). 

(38) Z. Arnold, Collect. Czeck. Chem. Commun., 30, 2125 (1965). 
(39) Z. Arnold, J. Sauliova, and V. Krehruik, Collect. Czeck. Chem. 

Commun., 38, 2633 (1973). 
(40) C. Reichardt and K. Halbritter, Justus Liebigs Ann. Chem. 737, 99 

(1970). 
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concentration of POCl3 or residual POCl3 alluded to earlier could 
also accommodate the formation of the acid chloride. 

Removal of a proton by the base PO2Cl2" and loss of HCl to 
give the ketene 10 has also been advanced.39'40 The ketene is then 
required to react with the Vilsmeier cation to give the variety of 
iminium ions displayed in Scheme I. 

When glycine is chelated to the Co(III) ion, the course of the 
Vilsmeier reaction changes. Two centers appear to be attacked 
(although only one (CH 3 ) 2 N=CH- residue is introduced) and 
no decarboxylation takes place. Binding the lone pair of electrons 
of the N atom to the metal ion gives the N center some ammonium 
ion character, and binding the carboxylate ion gives it some ester 
character. Both effects act to labilize the methylene protons. 
However, it still requires a good base to effect the proton removal 
(f1/2 (25 0C) ~ 103-104 s for H exchange in 0.01 M OH-).7 

Preliminary formation of the chelated acid chloride, however, 
would labilize the protons further, and this could be achieved by 
addition of free POCl3, present in the reaction mixture, to the exo 
carboxylate oxygen or possibily by addition of the Vilsmeier in­
termediate at the same site. Of these two proposals, the former 
seems the more likely and the reaction Scheme II is couched in 
these terms. What appears very unlikely indeed is the subsequent 
formation of the supposed amino ketene intermediate 10 (Scheme 
I). The geometry required to coordinate such an intermediate 

Scheme II 
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through the terminal N and O atoms would lead to a grossly 
distorted and hence improbable ketene moiety 

H2 H 

Co 'i 

It follows that if this mechanism applies for the unchelated amino 
acid derivatives, it is inappropriate at least for the chelated 
molecules. 

Attack of electrophiles at the exo oxygen of chelated amino 
acids is not without precedent. Chelated amino acid esters can 
be made this way by using SOCl2 in alcohols presumably via a 
transient chelated acid chloride.41 Once the acid chloride is 
formed, it is more than conceivable that O2PCl2" could remove 
a proton from the methylene group and create a chelated carbanion 
which could then readily capture the Vilsmeier cation (Scheme 
II). Elimination of HCl yields the final Vilsmeier adduct which 
is unusually stable. 

The stability of the chelated aminoacrylyl chloride is one of 
the most striking features of the chemistry. The cobalt(III) ion 
clearly has a substantial electron-withdrawing effect since it is 
this ion which labilizes the methylene protons in the parent 
chelated glycinate ion. It exerts this effect through both the 
carboxylate moiety and the coordinated amino group cooperatively. 
Neither group alone is sufficient to labilize the protons. It can 
be expected therefore that the same electron-withdrawing effect 
will exist for the chelated Vilsmeier adduct. Such an effect would 
be expected to enhance nucleophilic attack by water at this moiety 
leading to hydrolysis of dimethylamine and Cl" to yield the 
chelated aldehyde. Since this is not observed except in concen­
trated aqueous acids, or base, we presume the difference between 
the normal behavior expected in organic systems and that observed 
here lies in the difference between a proton and the Co(III) center 
in promoting the hydrolysis. Protonation of the oxygen and the 
amine groups would be expected to be much more effective than 
the case for the metal ion in activating hydrolysis. Relatively 
therefore, the metal ion protects the ligand from protonation and 
thereby relatively stabilizes it. The metal ion must also activate 
the ligand to hydrolysis relative to the uncoordinated neutral 
molecule but much less so than a proton. 
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