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(confirmed by metastable transition*) in which a stable
molecule is formed. From reaction 1, AH:° (H,SiCH, ™)
= 9.35 = 0.02 eV (215.6 + 0.5 kecal mol™") is obtained.

From heats of formation,!®1¢ the Si* ion threshold
valueis 21.17 eV. This onset is too high to be obtained
by direct measurements with the present apparatus.
Using the calculated value in connection with heats of
formation and the molecular ionization threshold, the
following total bond energies (in kcal mol~!) are ob-
tained: D((CHj),—Si) = 298.85 and D((CH;)Sit)
= 260.82. These results suggest that ionization occurs
by the loss of one of the bonding electrons between the
central atom and the methyl groups.

The measurements have been performed by using the
apparatus described by Dibeler, ef al.,'7*® with an opti-
cal resolution of about 1 A and an ionization efficiency
uncertainty of the order of 3%,.
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Recently X-ray crystal structure analyses have been
carried out on a number of cobalt(III) complexes con-
taining trien coordinated in the 8 configuration (Figure
1), namely, [Co(trien)CI(OH,) J(ClO4)s,%* A-Bp-(RRS)-
[Co(trien) ((:S)-Pro) ]I.- 2H;0,2* and A-B8,-(5S.5)-[Co-
(trien) ((S)-Pro)]ZnCL? (trien = triethylenetetra-
mine). In addition, in the complex sym-[Co(trenen)N;]-
(NOj): HyO? (trenen = 4-(2-aminoethyl)-1,4,7,10-
tetraazadecane) trenen can be considered as B-trien
substituted at the “‘angular’” nitrogen atom by an
aminoethyl group. These four structures provide in-
dependent determinations of the geometry of the §-
trien configuration in different crystal lattices. Prior
to these structural analyses only the gross features of
the geometry of the g-trien configuration could be in-
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(2} (a) H. C. Freeman and I. E, Maxwell, Inorg. Chem., 8, 1203 (19689);
(b) D. A. Buckingham, L, G. Marzilli, I. E, Maxwell, A, M. Sargeson, and
H. C. Freeman, Chem. Commun., 583 (1969).

(3) D. A. Buckingham, P. A. Marzilli, I. E. Maxwell, A. M, Sargeson,
and H. C. Freeman, ¢bid., 473 (1969).
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ferred from Dreiding stereomodels. However, the
models did indicate which were likely to be the more
important conformational features. In particular, it
was decided that conformational inversion was possible
for the apical chelate ring, but at the time it was difficult
to decide which was the preferred conformation.
Angular strain was also evident, particularly at the
“planar’ secondary nitrogen atom, but it was difficult to
determine how this strain was distributed. With these
problems in mind the conformations of the chelate rings
in coordinated trien are now compared using three
different criteria. In this way any correlations are not
biased to one particular set of results. Also the com-
parison is made between molecular conformations which
are found in different crystal lattices where the molecules
are subject to different types of intermolecular forces
(e.g., H-bonding, electrostatic, and nonbonded forces).
Such a comparison should give some indication of the
relative importance of intermolecular and intramolecu-
lar forces in determining conformation; for example,
large conformational differences have been observed for
the Cr(en);** ion in different lattices.*

Comparison of 3-trien Geometries

Bond Angles and Bond Lengths.—A comparison of
the Co—N bond distances involving trien for the §-Co-
(trien)C1(OH,)?+,2* A-8-(RRS)-Col(trien) ((S)-Pro)2+,2
and  A-B:-(SSS)-Co(trien) ((S)-Pro) 2+ 2 structures
showed that in each case the bond to the “planar’’ nitro-
gen was the shortest. The Co-N(2) bond lengths
averaged to 1.921 (7) A, whereas the mean value for the
other Co-N distances was 1.953 (4) A (the standard
deviations of the means, g.y, were calculated using the
relationship c.v? = 1/2,1/0,%). Another geometrical
feature of the “planar”’ secondary N atom common to
all three structures was the expansion of the C(2)-N(2)—
C(3) bond angle (mean 114.0 (7)°). The Co-N(2) bond
length is reduced relative to the other Co-N bond dis-
tances in order to reduce angular strain at this center.
By comparison there is no significant distortion in the
C(4)-N(3)-C(5) bond angle (110.7 (7)°) or any other
angle about the “angular’” secondary N atom. Like-
wise there are no other significant intraligand angular
distortions in the polyamine skeleton.

The angles subtended by the chelate rings at the
metal ion are similar. For the three complexes the
mean N—-Co-N angle is 85.8 (2)°. This angle compares
with an N~-Co-N angle of 86° found in cobalt(III)-
ethylenediamine complexes®® where the chelate rings
are not fused. Mean C-C and C-N bond lengths for
the trien ligand are 1.509 (8) and 1.499 (3) A, respec-
tively. For the present structures these bond lengths
were sensitive to the inclusion of hydrogen atoms at
calculated positions during least-squares refinement.
When hydrogen atom contributions were not included,

(4) K. N. Raymond, P. W. R. Cotfield, and J. A. Ibers, Inorg. Chem., T,
842 (1968).

(5) O. Foss and K. Maroy, Acta Chem. Scand., 19, 2219 (1965).

(6) J. H. Dunlop, R. D. Gillard, N. C. Payne, and G. B, Robertson, Chem,
Commun., 874 (1966).
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the bond lengths obtained were significantly longer,
particularly for the C~C bonds (~0.02 A).

Conformations of the Chelate Rings.—The relative
chiralities of the trien chelate rings are the same for the
three structures containing the g-trien configuration
and for the relevant part of sym-Co(trenen)N;z?+?

For the A configuration about the metal ion the chirali-
ties of the chelate rings are as follows: N(1)-C(1)-
C(2)-N(2), A; N@)-C()-CA)-N(3), §; N(3)-C(5)-
C(6)-N(4), 6 (Figure 1). For convenience these chelate

Figure 1.—Conformations of chelate rings for the A configuration
of B-trien.

rings will be referred to as rings 1, 2, and 3, respectively.
In the following discussion concerning the stabilities of
conformations, for the enantiomeric configuration about
the metal ion the chelate ring chiralities are inverted
but the relative stabilities are the same.

The conformations are primarily determined by the
configuration at the two asymmetric secondary N atoms
which link chelate rings. Clearly, the chiralities of the
rings joined by the “‘planar” secondary N atom, N(2),
must be enantiomeric and these chelate rings cannot
invert without synchronous inversion at the secondary
N center. However, models indicate that inversion of
conformation at ring 3 could occur with retention of
configuration at the ‘‘angular’” secondary N atom,
N(3). The reason that this inverted conformation is
not observed is attributed to increased conformational
strain for this form. An inverted conformation of ring
3 (A for the A configuration about the metal) would
involve smaller torsion angles about the C—C and C-N
bonds, resulting in an increase in torsional and non-
bonded strain energy.

The conformations of the chelate rings are compared
quantitatively in three different ways. First, the de-
viations of chelate ring carbon atoms from their N-Co-
N planes are compared in Table I and Figure 2. Sec-
ond, the torsion angles about the C-N and C-C bonds
are compared in Table IT and Figure 3. The torsion
angles were defined as follows: for atoms A, B, C, and
D bonded in a chain, the torsion angle about the bond
BC was taken as positive if the bond AB was required
to be rotated clockwise to lie in the BCD plane, This
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Figure 2.—Comparison of deviations of carbon atoms from their
respective N—-Co~N planes for 3-trien chelate rings.

system follows the suggestions of Klyne and Prelog”
and more recently Allen and Rogers.® Moreover, for
the N—-C—C~N chains of the chelate rings the method
would assign a positive sign to the torsion angle about
the C—C bond where the conformation is ¢ and a nega-
tive sign for the \ conformation.

TaBLE II
COMPARISON OF TORSION ANGLES FOR 3-trien COMPLEXES

Finally, the conformations of the chelate rings have
been compared by calculating the dihedral angles be-
tween planes containing atoms of the type Co, N, C and
Co, C, C (e.g., the angle between the Co, N(1), C(1)
plane and the Co, C(1), C(2) plane.® The sequence of

(7) W. Klyne and'V. Prelog, Experientia, 16, 521 (1960).

(8) F.H. Allen and D. Rogers, Acia Crystallogr., Sect. B, 25, 1326 (1960),
(9) M. C. Freeman pm_posal for defining conformation,
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TaBLE III
COMPARISON OF DIHEDRAL ANGLES FOR 3-trien COMPLEXES®

Mihedral Angles (in deg.)

Flanc 1 Plane 2 e attrenony ¥ ferfcoturien)(S.0r0 T s, (Coturien) (5-pre} | s fetreneng) 10

ea hn o | e, ci, €2 32 2.7 32 3.3
o citi, v | ee, cq2, sy [ .0 azo 0.9
o, w2y, M| e, M2, 53.2 s0.1 st 0.4
Lo, K12}, (1| o, €31, 6041 150 1.3 5.0 4
Co, CL3), Ci4) | Co, CCa1, (3 1.2 2.0 e 16.3
o, Ctay, N3 | Co, X3, CE8) 7.5 1.0 sn.5 9.9
Ca, KG3h CU8) | Cou C(5), CI6) s ar 0.7 a2y

Co, CUSJ, CleT | Co, CCRY, N(4) 5.2 5.5 3.t 27.%

= For convenience in comparison, obtuse dihedral angles have
heen subtracted from 180°.
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Figure 3.—Comparison of torsion angles for 8-trien chelate rings.

dihedral angles progressing around the chelate rings
gives a measure of the folding of the ligand. These
dihedral angles for the various complexes are compared
in Table IIT1 and Figure 4.

Each method of comparison shows that the confor-
mations of the g-trien configuration in each structure
are remarkably similar. The result is surprising in view
of the markedly different lattice forces associated with
each complex ion. These forces arise from different H
bonding to the complex ion, the presence or absence of
water of crystallization, different charges on the anions,
and different closest nonbonded contacts.?? It would
appear, therefore, that the g-trien configuration is com-
paratively rigid and is not easily distorted by external
interactions. Moreover, it seems likely that the con-
formations of the 3-trien complexes in solution are close
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Figure 4.—Comparison of dihedral angles for 8-trien chelate rings.

to those found in the solid state. In general proton
magnetic resonance studies of g-trien—cobalt(I1I) com-
plexes show sharp superimposed multiplets for the
methylene region of the spectrum.!®!! Further, the
geometry of the proline complex ions?® was accurately
reproduced using strain energy minimization calcula-
tions.!? The force field included nonbonding, angular
deformations, bond stretching, and torsional terms and
the trien conformations given above were reproduced in
close detail. The minimization procedure essentially
calculates the geometry of the isolated ion free of inter-
molecular interactions. All these results provide evi-
dence for the restricted mobility and thermodynamic
stability of the chelate ring conformations in solution.

In view of the consistent formation of hydrogen bonds
by anions and water molecules to the primary and sec-
ondary nitrogen atoms of trien in the solid phase, it
seems likely that these N-H centers would also partici-
pate in hydrogen bonding to solvent and anions in solu-
tion.
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