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Proton magnetic resonance spectra of N-deuterated Rh(en);#* in D,O at various temperatures and phosphate concentra-
tions were obtained at 220 MHz. All spectra are of the AA’BB’'X type and are interpreted in terms of a conformationally
labile ethylenediamine ring system. The spectra were solved for chemical shifts and spin-coupling constants. From the
spin-coupling constants, the fraction of time spent by any ring in each of two conformational states is determined. The
conformer having one carbon-carbon bond perpendicular and two carbon—carbon bonds parallel to the C; axis (e.g., A-8A\) is
found to be more stable than the conformer having all three carbon-carbon bonds parallel to the C; axis (e.g., A-AM\).  The
difference in free energy decreases at high phosphate concentrations. Reinterpretation of early equilibration—separation data
and the most thorough calculations to date on cobalt(II1I) tris-diamine complexes all substantiate the claim that A-8\\ (or

A-\88) is the most abundant conformer for tris-ethylenediamine complexes.

Introduction

Since Corey and Bailar’s first results on the confor-
mations of tris-ethylenediamine complexes,® a great
deal of work has been carried out on this topic by
equilibration—separation,?~* optical rotatory disper-
sion and circular dichroism (ORD and CD),*~® proton
magnetic resonance (pmr),°~1® and other methods.?
Each five-membered chelate ring is puckered and can
adopt one of two conformations: one with the carbon-
carbon bond parallel to the threefold axis, I, and the
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other with the carbon-carbon bond perpendicular to
the threefold axis, II. It has been widely accepted

that the Co(en);®+ species having all three carbon-
carbon bonds parallel to the C; axis is the most abun-
dant one and that it ‘‘costs’ approximately 0.5 kcal/
mol in free energy for each ring flipped with the carbon-
carbon bond perpendicular to the C; axis. The frac-
tions of species having zero, one, two, and three rings
perpendicular to the C; axis have been widely quoted as
59, 29, 8, and 4%, respectively. In the present paper,
both from new data and from a reexamination of pre-
vious data, we show that the above notions do not rep-
resent the true situation.

Although pmr has proven highly successful in con-
formational analysis of organic compounds, it has
yielded little or no conformational information re-
garding diamagnetic tris-ethylenediamine complexes.
This was due in the past largely to the absence of fine
structure in the —CH,CH,- resonances, which usually
appeared as singlets (broad singlets for cobalt com-
plexes) on low-frequency (e.g., 60 MHz) pmr spectrom-
eters. As higher frequency proton spectrometers
(e.g., 100 and 220 MHz) and heteronuclear decoupling
of cobalt-59 have become available, fine structure has
been revealed for the tris-ethylenediamine complexes of
Ru(II),® Co(III),'® and Rh(III)."® In every case, the
patterns of the N-deuterated complexes have proven to
be of the AA'BB’ or AA’BB’X type, and it now ap-
pears that this is a general result whenever sufficient
AB chemical shift difference is obtained through the use
of high spectrometer frequencies, solvent shifts, etc.

The AA’BB’ patterns of Ru(en)s** at 60 and 100
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Figure 1.-—(A) Observed 220-MHZ pmr spectrum of 0.15 M N-
deuterated Rh{en);** in DyO at 93°. (B) Calculated spectrum.

MHz have been solved for chemical shifts and cou-
pling constants but were interpreted as arising from the
presence of a single conformer. In the present work,
the spectra of Rh(en)s*t are interpreted in terms of a
conformationally labile model.’%2! The effect of phos-
phate ion upon the conformation of Rh(en);®* is in-
vestigated because of its remarkable effects upon ORD,
CD, and nmr spectra.®=%17 TUsing identical methods
for treatment of data, a study of Co(en),®t at 250
MHz with cobalt-59 decoupling is currently under
way.?? The distributions of conformers found in these
pmr studies should be useful in the assignment of os-
cillator strengths in ORD and CD.

Experimental Section
Tris(ethylenediamine)rhodium(II1) iodide, [Rh(en);}I;, was
prepared by the method of Watt and Crum.?® The analytically

(21) After this article was submitted, the interpretation of the Ru(en)s?*
spectrum was revised to one in agreement with the conformationally labile
model espoused here (see J. R. Gollogly, C. J. Hawkins, and J. K, Beattie,
Inorg. Chem., 10, 317 (1971)). This paper also includes the R1ln 3 sta-
tistical factors favoring mixed tris-ethylenediamine ring conformers.

(22) J. L. Sudmeier, G. L. Blackmer, C. H. Bradley, and F. A. L. Anet,
Inorg. Chem., J. Amer. Chem. Soc., in press.

(23) G. W. Wattand J. K. Crum, ¢bid., 87, 5366 (1965).
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Figitre 2.—(A) Observed 220-MHz pmr spectrum of 0.15° M
N-deuterated Rh(en)?* in D:O at 17°. (B) Calculated spectrum.

pure complex was dissolved in 250 ml of water and converted
to the more soluble chloride form by allowing it to pass through
250 ml of a Dowex 1-X8 anion-exchange resin column (100-200
mesh, Cl~ form) at a drop rate of 10 drops/min. The pure
chlotride salt was obtained upon evaporation of the resultant solu-
tion to dryness, )

Thé concentration of N-deuterated Rh(en);*t sample$ in 1 ml
of DsO was 0.15 M. To investigate the ififluence of phosphate
ions, drop quantities of a stock phosphate solution in D,0O were
added and the pmr spectra were recorded. Base-catalyzed
deuterations of the amine protons were accomplished by the
addition of NaOD to achieve a final pD value of ~10.

The proton magnetic resonance spectra were recorded using a
Varian HR-220 nmr spectrometer with a varijable-temperature
probe. All spectra were recorded at a sweep width of 250 Hz
(5Hz = 1cni) and a scan rate of 0.5 Hz /sec.

Results
Spectral Analyses.—Figure 1A shows the 220-MHz
pmr spectrum of 0:15 M N-deuterated Rh(en);?*+ at
93° in D,0. The pattern is slightly: unsymmetrical
due to greater spin coupling of ¥¥Rh (I = !/, 100%
abundant) to the low-field proton than to the high-
field proton, and thus the pattern is actually AA'BB’X,
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TABLE 1
CALCULATED SPECTRAL? AND CONFORMATIONAL PARAMETERS FOR Rh(en)s®+

Line

[POs3-], Temp, width, ASAB, Jio,

Case M °C Hz ppm Hz
I 0.0 93 1.2 0.1336 9.4%
11 0.0 17 2.0 0.1129 9.5¢
11T 0.1 93 1.2 0.1472 9.8
v 0.1 17 2.0 0.1400 9.4
v 0.3 93 1.2 0.1762 10.4b
VI 0.3 17 ~3.0 0.198
Ru(en)s+ ¢ 0.0 ~1.8 0.230 9.4

a For Rh(en)®*, Ji; = 0.3 Hz and Jp; = 1.0 Hz.
case.
tion of Figure 8.

¢ Spectral parameters from ref 15b.

This is consistent with previous findings for Pt(II)2*
and Co(III)!® complexes and supports the notion that
axial protons are always upfield of equatorial protons
in diamine chelates, with greater M-N-C-H spin
couplings existing for equatorial protons than for axial.
Some of the lines on the left-hand portion of the
spectrum are clearly split with a spacing of ~1.0 Hz.
The benefits to be derived from higher frequency pmr
are obvious from a comparison of the 60-MHz spectrum
of Rh(en);?+,1¢ where only a hint of fine structure ap-
pears at higher temperatures, '

Figure 2A shows the spectrum of the same Rh(en)s3+
sample at 17°. The decreased resolution and chem-
ical shift difference are readily observed, the former
presumably due to decreased spin relaxation times 73
and 7, with greater viscosity. Figure 3A shows the
spectrum of Rh(en);*+ containing 0.3 M K;PO, at
03°. The increased chemical shift difference is readily
apparent. For reasons which are obscure, phosphate
causes appreciable line broadening of Rh(en);?+ at 17°
but causes little or no line broadening at 93°.

In addition to the cases shown in Figures 14, 24, and
34A, spectra were obtained for the cases shown in Table
I. As shown in the table, no line width less than 1.2
Hz was observed, and some line widths are great
enough to make spectral analysis extremely imprecise.
Although spin decoupling of Y¥Rh, ?H, and/or N
would be highly desirable for resolution enhancement,
they were not available with the present instrumenta-
tion.

All spectra were analyzed with the aid of LaocooN
I1I1% by well-known procedures. Initially, the pres-
ence of the °*Rh spin coupling was ignored, and each
case was treated as a four-spin problem, using line posi-
tions measured from the right-hand side of the spectrum
only. Each of the two most intense peaks in the right
half is composed of three unresolved peaks, and in cer-
tain cases, e.g., Figure 1A, the central peak is composed
of overlapping peaks. Because of the greater uncer-
tainty associated with the line positions where overlap
occurs, we eliminated as many overlapping lines as
possible from our input data. Five or six lines from
each half-spectrum are required for a solution.

The calculated spectral parameters are given in
Table I. While it is difficult to estimate the random
errors in the coupling constants, we judge the precision
of 93 and 17° parameters to be 0.1 and =0.2 Hz, re-
spectively.

(24) L. E. Erickson, J. W. MecDonald, J. K. Howie, and R, P. Clow, J.
Amer. Chem. Soc., 90, 6371 (1968).

(25) Laocoonw III is an improved version of the least-squares nmr spec-

tral-fitting computer program described by S. Castellano and A, A. Bothner-
By, J. Chem. Phys., 41, 8363 (1064).

¢ Random error estimated as 0.2 Hz for all spin-coupling constants in this case.

J1s, J, Jis, w, J{trans), J(gauche),

Hz Hz Hz deg Hz Hz In

4.4 5.3 —13.2 56 12.1 3.5 0.71x£0.02
3.9 6.2 —13.1 59 12.5 3.6 0.68 £0.05
4.2 5.2 —13.3 57 12.2 3.5 0.756x£0.03
4.1 5.3 —13.5 57 12.0 3.4 0.72x0.05
4.3 4.7 —13.0 57 12.3 3.5 0.80 &= 0.03
... {(0.84)4

3.8 5.5 —12.5 58 11.9 3.4 0.72

b Random error estimated as =+=0.1 Hz for all spin-coupling constants in this

¢ Derived from the Adap value by extrapola-
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Figure 3.—(A) Observed 220-MHz pmr spectrum of 0.15 M
N-deuterated Rh(en)s®*t in D;O containing 0.3 M K PO, at 93°.
(B) Calculated spectrum.

Figures 1B, 2B, and 3B are computed spectra pro-
duced by a Cal-Comp plotter using the output of
LaocooN III. These computed spectra include a
Lorentzian line shape function and empirically deter-
mined values of the *Rh-H spin-coupling constants
Jis = 0.3 Hz and Jy = 1.0 Hz (Figure 4). In every
case, the agreement between calculated and observed
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spectra was excellent, both in line positions and inten-
sities.

Ring Conformer Populations.—How do we inter-
pret the fact that only a single AA’'BB’X or AA'BB’
pattern is obtained for Rh(en)s*+ and for other tris-
ethylenediamine complexes? The fact that only two
proton chemical shifts are found indicates the presence
of a (; axis passing from the metal ion through the mid-
point of the carbon-carbon bond of each ligand. This
can be either a static symmetry, such as would exist if
the sample consisted exclusively of AAX or 888 conform-
ers, or a time-averaged symmetry, such as would
exist for any distribution of rapidly interconverting con-
formers.

The former interpretation!® has the following ob-
jectionable features, which will be clarified below.

(1) The J(trans) (i.e., for the H-C-C-H dihedral
angle, ¢ = 180°) and J(gauche) (i.e., ¢ = 60°) spin-
coupling constants are too small and too large, respec-
tively, compared to other diamines (see Figure 4).

(2) Distortions of w (Figure 4), the N-C-C-N di-

H, Hs
N H N H
i O e '
o .@ = 0 v
N H. \N ‘ H,
A H, H,

&

Figure 4. —Conformational equilibrium for each ring of a metal-
tris(ethylenediamine) complex.

hedral angle, to values larger than 60° are required in
order to explain the magnitudes of the coupling con-
stants, in opposition to X-ray data which show w to be
smaller than 60° (z.e., 43-53°%),

(3) Because there are no extraneous lines present in
the AA'BB’ patterns, it is unlikely that any conformer
other than 866 or AAX is present (z.e., in this view) to
greater than ~29, abundance. This contradicts all
previous studies on tris-ethylenediamine complexes,
which indicate that rather small energies normally sep-
arate the various conformers. Alternatively, the
postulation of slow kinetics of conformational exchange
contradicts all evidence for aliphatic five-membered
rings, which interconvert rapidly down to extremely
low temperatures.

In contrast, a model involving conformational labil-
ity, where significant amounts of various conformers
are in rapid equilibrium, explains all the features of the
nmr spectra and provides valuable new insight into the
conformational equilibria of tris-diamine complexes.
Figure 4 shows the conformational equilibrium of a
given ring of a tris-ethylenediamine complex. The
designations A and § refer by international convention
to the absolute conformations of the rings as shown.
Mirror-image compounds yield identical pmr spectra
and the present Rh(en);®+ sample was actually a
racemic mixture of the A and A configurations. The
compound might have been resolved, however, and for
purposes of simplifying the ensuing discussion, we shall
assume that only the A configuration is present. By
inspection of the vicinal coupling constants Jy and Jy
in Table I, it is clear that unequal amounts of A and §

(26) See Table IT in ref 20a.

Inorgantc Chemistry, Vol. 10, No. 9, 1971 2013

ate present. From previous data?~? it is known that
the X conformation is preferred in the A complex, and on
that basis we shall assume in this work that the equi-
librium favors A in the A complex and § in the A com-
plex (rather than § in the A complex and X in the A
complex).

Because of rapid interconversion, each vicinal cou-
pling constant is a weighted average of its values in the
A\ and § conformers, and we can write

Jie = HJuey + foJue 1)
Jis = iJuoy + felie 2)
]34 = f)\]34()\) +f5]34(5) (3)

where fy and fs are the fractions of time spent by each
ring in the X and § conformations, respectively. Using
the relationship

AT fi=1 4)

we can eliminate f; in eq 1-3. Assuming that the
vicinal coupling constants can be described by simple
Karplus equations? of the form

J = Ajcos?¢ 0° < ¢ < 90° (5)
J = Ay cos? ¢ 90° < ¢ < 180° (6)

where ¢ is the H-C-C-H dihedral angle and 4, and A4,
are constants, we can write

Jizoy = Az cos? Oy + @) (M)
Juw = Aicos? (6, — ws) )
Jusoy = A cos? wy (9)
Jus@ = A1 cos? w; (10)
Jaoy = A1 cos? (0 — wy) (11)
Jsaey = Aa cos? 05 + ws) (12)

where the projected H-C-H geminal angles 6, and 6;
are symmetric with respect to the adjacent C-N bond
axes.

Substituting eq 7-12 into eq 1-4, we obtain three
equations in seven unknowns

Jiz = frde cos? (n + wn) + A1 cos? (@ — ws) —
frdycos? (8 — ws)  (13)
Jis = fadi cos? wy + Aj cos? ws — frdi cos? w; (14)
T = frd1cos? (B — wy) + A2 cos? (05 + ws) —
Frds cos? (6 + ws)  (15)

A computer program was written for iterative solu-
tion of eq 13-15, so that for a set of input values Jy,,
J13, Jss, O, 05, waist (4.€., ws — wy), and ratio of J(trans)/
J(gauche) [J(trans)/J(gauche) = 44,/A,], one obtains
wy, ws, J(trans), J(gauche), and, most importantly, f.
An analysis of random error in f, based on random er-
rors in Jyi, Ji, and Ja, is included. Equations 13-15
are rearranged so as to eliminate 4, and 4., and a quad-
ratic equation in fy is obtained (or a linear equation
when wy, = ws). A value of w is guessed and the cor-
responding fy is calculated. Putting f\ back into eq 13
and 14, the J(trans)/J(gauche) ratio is checked.
Based on the magnitude and sign of any error, a new

(27) W. A, Thomas, Annu, Rev. NMR Spectros., 1, 72 (1968).
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TABLE 11
SPIN-CoUPLING CoNnsTANTS FOR DIAMINE COMPOUNDS FROM CHEMICAL LITERATURE
J (trans)/

Entry Compd J(trans)  J(gauche) J(gem) J(gauche) Ref
1 Theory 4.0-5.5 a
2 trans-2,5-Dimethylpiperazine (P) 10.8 2.9 —-12.5 3.7 b
3 trans-2,5-Dimethylpiperazine (HP *) 11.5 3.0 —-13.5 3.7 b
4 trans-2,5-Dimethylpiperazine (H,P2+) 12.2 3.4 —14.2 3.6 b
5 1,2-Propanediaminetetraacetic acid (PDTA*~)-alkali metal salts 10.2 3.0 —-13.5 3.4 c
6 CaPDTA?~ 11.0 3.2 —14.0 3.4 ¢
7 “Proton chelate” (HPDTA3™) 11.8 3.8 —14.5 3.1 ¢
8 CollIPDTA 3.4 -—13.2 a
9 Col'I( CNI((R)-pn) 12.4 4.4 —12.4 2.8 e

10 PA((R)-pn)2* 9.9 4.2 —-12.5 2.4 e
11 PtI((R)-pn)*+ 10.0 4.3 —12.3 2.3 e

e M. Karplus, J. Chem. Phys., 30,11 (1959); R. V. Lemieux and J. W. Lown, Can. J. Chem., 42,893 (1964); R.J. Abraham and K. A.

McLauchlan, Mol. Phys., 5, 513 (1962).
Chem. Soc., 90, 6860 (1968); Anal. Chem., 40, 1693 (1968).
(1971).

wy is guessed and the process is repeated until conver-
gence is obtained.

The following simplifications are made: (1) assume
By = 05 = 120°; (2) assume wy = w;; (3) assume a
fixed ratio of 4; to 4,. The first assumption is justi-
fied on the basis of X-ray crystallographic data® which
show little or no deviation from tetrahedral in the
N-C-C angles, which implies tetrahedral angles for the
H-C-H angles. Although Hawkins' calculations®®
indicate that w, and ws may differ, the direction and
magnitude of any difference is impossible to predict at
present, and we have little choice but to assume that
wxn = ws (but not necessarily equal to 60°). To fix the
ratio of A to A4,, which is equivalent to setting the J-
(trans)/J(gauche) ratio, is felt to be more reasonable
than trying to fix the actual values of 4, and A4,, be-
cause allowance is made for changes in substituent
electronegativity, which affects 4; and A4, more than it
affects their ratios.

Table II is a compilation of J(trans) and J(gauche)
values from the chemical literature. Entries 2, 3, and
4 or 5, 6, and 7 exemplify electronegativity effects of
this kind. True values of J(trans) and J(gauche)
could only be obtained from compounds having di-
hedral angles of 180 and 60°, respectively. Entries
2-7 represent either free diamine compounds or labile
metal chelates and should be less prone to bond angle
distortions than the inert chelates in entries 8-11.
Therefore an average value of 3.5 was obtained from
entries 2-7 and applied to the Rh(en);*+ problem as
representative of a reasonable J(trans)/J(gauche)
ratio.

Table I shows the calculated values of w, J(trans), J-
(gauche), and fy for Rh(en);*+. In addition to the
random errors in fy, these values are subject to sys-
tematic errors in the assumed values of 6, 85, wgirr, and
J(trans)/J(gauche) ratio. Figure 5 shows the effect of
the J(trans)/J(gauche) ratio upon the results for cases
I and II. At fy, = 1.0, the results are the same as
would be obtained in the single-conformer interpreta-
tion.1 This interpretation would be accompanied by
the following values for Rh(en)s*+: case I, J(trans)/J-
(gauche) = 1.9 and w\ = ws = 62°; case II, J(trans)/J-
(gauche) = 1.9 and wy, = ws = 64°. Clearly these

(28) 8. Ooi, Y. Komijana, Y. Saito, and H, Kuroya, Bull. Chem., Soc.
Jap., 82, 263 (1959); L. N. Swink and M. Atoji, Acta Crystallogr., 18, 639
(1960); K. Nakatsu, Bull. Chem. Soc. Jap., 35, 832 (1962); other refer-
ences cited in ref 20a.

b J. L. Sudmeier, J. Phys. Chem., 72, 2344 (1968),
4 J. L. Sudmeier, A. J. Senzel, and G. L. Blackmer, Inorg. Chem., 10, 90
8. Yano, H. Ito, Y. Koike, J. Fujita, and X. Saito, Bull. Chem. Soc. Jap., 42, 3184 (1969).

¢ J. L. Sudmeier and A. J. Senzel, J. Amer.
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Figure 5.—Calculated values of f), the fraction of time spent
by a ring of a A-Rh(en)s®* molecule in the X conformation, vs. the
assumed ratio of J(trans) to J(gauche), which are the vicinal
spin-coupling constants for dihedral angles of 180 and 60°,
respectively. It is assumed that 65 = 6, = 120° and ws — wy =

S0
|
J
.80 I
701 \"\l\w 93°
| 17°
601 l
!
50 Tise T30° 175"

Figure 6.—Calculated values of fj vs. the assumed value of 8,
the projection of the H-C-H geminal angle. It is assumed that
65 = O, ws — wx = 0, and J(trans)/J(gauche) = 3.5.

values are in less satisfactory agreement with literature
values than those given in Table I. Figures 6 and 7
show the sensitivity of /) to changes in @ (where it is
assumed that 8, = 8;) and wqis, respectively.

Although it had not been anticipated, there is a
linear correlation between A8sp and fy, and a least-
squares fit of exceptional quality was obtained In a
plot of Avap/2 vs. fx (Figure 8) the slope and intercept
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R{Uad

80

60

.50 ! | i

Wg= Wy,

Figure 7.—Calculated values of f5 vs. the assumed value of
ws — wy It is assumed that 65 = 6, = 120° and J(trans)/J
(gauche) = 3.5.

250

Figure 8. —Chemical shift difference of Rh(en);®* vs. f.

are 58 = 2 and 2.24 = 0.07, respectively, where the
standard deviations refer only to the quality of the fit.
Considering the uncertainties in the f) values, we con-
clude that the quality of the fit is fortuitous, although
this depends somewhat on the difficult-to-estimate pre-
cision of Jy, Ji5, and Ja. To the extent that the plot is
significant, it would indicate the surprising absence of
appreciable temperature or salt effects upon Av,p and
it would indicate by its finite intercept the truth of the
claim that Avap need not collapse to zero in the case of
complete conformational averaging (ie, fn =
0.50).16.19.2%  Rigure 8 would also allow the estimation
of f for case VI in Table I, where excessive line width
prevented precise determination of the coupling con-
stants, although Aésp could be determined by second-
moment analysis.%

Discussion

Molecular Conformer Populations.—Having deter-
mined f,, we know the M-8 equilibrium constant for
each ethylenediamine ring at various temperatures and
phosphate concentrations. However,
greatest concern to most investigators is the equilib-
rium between the molecular species represented in
Figure 9. Each symbol lists the conformations of the
first, second, and third rings of a tris-ethylenediamine

(29) H.S. Gutowsky, J. Chem. Phys., 87, 2196 (1962).
(30) W. A, Anderson and H, M. McConnell, ibid., 26, 1496 (1957).

what is of
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a-Rh(en3 "

885 D
ASS BAS 8A Y C
B

AMS ABA BAA }
AAA A

Figure 9.—Conformational isomers of A-Rh(en);**.

complex as if they could be distinguished. The ver-
tical axis is meant to suggest the energy scale for a com-
plex of the A configuration. However, it must be kept
in mind that various crossovers may exist. If we des-
ignate as 4, B, C, and D the total concentrations (in
mole fraction) of the conformers as shown in Figure 9,
we can write

A+B+C+D=1 (16)

A sample containing pure 4 would yield fy = 1.00.
Samples containing pure B, C, or D would yield f,
values of 2/3, 1/s, or 0, respectively. Thus we can write

=4+ B+ 1/C 17
Combining eq 16 and 17, we obtain
FHKoa+ (A —Y3)Kca + (s — ¥/3)Kpa +
(=1 =0 (18)
where the equilibrium constants are defined as
Kps = B/A4, Kca = C/A, Kpa = D/A (19)

Equation 18 has three unknowns and cannot be solved.

However, if we are willing to assume that equal
enthalpy differences exist between successive species
(t.e., AHpy = '/3AHca = 1/34Hpya) and that the en-
tropy differences are due entirely to changes in sym-
metry number® (i.e., ASgs = ASca = R In 3 and
ASpa = 0), we can write the equation

K = Kpa/3 = (Kca/3)": = (Kpa)? (20)

where K is the microscopic equilibrium constant be-
tween any two subspecies differing only in the confor-
mation of a particular ring. The symmetry numbers,
o, of species A, B, C, and D are 6, 2, 2, and 6, respec-
tively. Combining eq 18 and 20, we obtain the equa-
tion

HEE+3(A — YaK2+3(fA — /) K +
(h=—1 =0 D

A value of K was determined for each f, value, and the
K values were translated into the following concentra-
tions of A, B, C, and D (and AHA values in kcal/mol):
case I, 0.36, 0.44, 0.18, 0.02 (AH = 0.65); case 11, 0.32,
0.44, 0.20, 0.03 (AH = 0.43); case III, 0.41, 0.42, 0.14,
0.02 (AH = 0.78); case IV, 0.37, 0.43, 0.17, 0.02 (AH =
0.54); case V, 0.51, 0.38, 0.10, 0.01 (AH = 1.01);
case VI, 0.59, 0.34, 0.06, 0.01 (AH = 0.95).

Although there is no justification for the assumption
of equal AH for each ring inversion as we shall show,
these results illustrate several trends. First of all,
little of species D is present in any case. This agrees

(31) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “Con-

formational Analysis,”” Interscience, New York, N. Y., 1965, pp 11, 56; E. L.
King, J. Chem. Educ., 43, 478 (1966).
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with most previous studies of tris ethylenedi-
amines.'~420 In cases I-IV, the concentration of
species B is comparable to that of A and in some cases
is greater than A. The large concentrations of B are
largely the result of accounting for the entropy of
mixing terms, which have never been properly consid-
ered in any previous literature. Increasing the phos-
phate concentration generally tends to populate A and
to depopulate B, C, and D. In principle, AH should
agree for case I with I, case III with IV, and case V
with VI.

However, to impose the condition of equal energy
gaps between successive species A, B, C, and D is not
only too restrictive but is also contradicted by recent
calculations®® and by previous experimental results.2—4

Discarding eq 20 and 21, we shall attempt alterna-
tive approaches to the solution of eq 18 If we as-
sume that D = 0, the accuracy of our calculations
should not be affected by more than a few per cent.
Equation 18 then reduces to

(frx — Ya)Ksa + (i — Y9)Koa =1 — i (22)

As before, we assume that the entropy of mixing
terms are more important than any other contribu-
tions (although vibrational contributions may be im-
portant?), and we express the equilibrium constants in
the form

KBA — e—AGuA/RT — e—AHBA/RTeAS/R - 36—-AH}3A/RT (23)

Substituting for Kpa and K¢y and dividing by 3, we ob-
tain

(fx — 2/3)6—AHBA/RT + (fx — l/s)e"AHCA/RT =
(1 =A)/38 29

Using the temperature variations of f\ at 93 and 17°,
we can write two equations (one for each temperature)
in two unknowns, x and vy, of the form

@me + e’ = g (25)
a26"" + " = gy (26)

where x = AHgpa, ¥ = AHca, and all other terms are
defined as in eq 24, Computer programs were written
for solution of these equations by iterative least squares,
by the Newton-Raphson method,® and by topological
analysis. Convergence was obtained for the case ITI-
IV combined data and for the case V-VI data. How-
ever, whether convergence could be obtained or not
was very sensitive to the formulation of the equilib-
rium constants. For example, the case V-VI conver-
gence could only be obtained for the eq 24 formulation,
whereas the case III-IV convergence could only be ob-
tained when equilibrium constants defined as Kap =
A/B and Kz = C/B were employed. Although for
the case I-IT data no unique solution was found, the
least-squares deviations were reduced to negligible
levels (2 X 107%) for a range of x and y values. The
results are as follows: case I-1I, AHpas =~'—2 kcal/
mol and AHgs = 8 kcal/mol (at 25°, 4 =~ 0.03, B =
0.97, C = 0.00); case III-1V, AHgs = —1.5 kcal/mol
and AHca = 1.6 keal/mol (at 25°, 4 = 0.03, B = 0.92,
C = 0.05); case V-VI, AHgs = 0.8 kcal/mol and
AHga = 2.2 kecal/mol (at 25°, 4 = 0.54, B = (.42,
C = 0.04). The precision of these results is difficult to

(32) H. Margenau and G. M, Murphy, “The Mathematics of Physics and
Chemistry,” 2nd ed, Van Nostrand, Princeton, N. J., 1956, p 492.
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calculate but is estimated to be very low. The diffi-
culty is that we are attempting to fit many parameters,
A, B, and C, from a few f, parameters. When fy ap-
proaches 2/;, the constants 4; and 4, in eq 25 and 26
become very low in relative precision.

If we assume both C = 0 and D = 0, we have two
equations, z.e., (25) and (26), in one unknown, AHga,
and we can calculate a weighted average, taking into
account the differing precisions of the high- and low-
temperature results. Giving cases I, III, and V ap-
proximately twice the weight of cases II, IV, and VI,
the following results are obtained: case I-1I, AHps =
—0.8 = 0.5 kcal/mol (at 25°, 4 = 0.08, B = 0.92);
case ITI-IV, AHpy = —0.1 £ 0.2 kecal/mol (at 25°,
A =022, B = (.78); case V-VI, AHpsy = 0.5 = 0.1
kcal/mol (at 25°, A = 0.45, B = 0.55). The free en-
ergy changes, AGgya, at 253° are —1.4 + 0.5, —0.7 =
0.2, and —0.1 = 0.1 kcal/mol, respectively. These
results should be lower in random error, although they
are subject to serious systematic error arising partic-
ularly from the rejection of species C.

Regardless of the method of treatment of the Rh-
(en);** data, B tends to lie below A in free energy. The
first suggestion in the chemical literature of a tris-
ethylenediamine complex where this might be the case
was Hawkins’ calculation® for Co(en);®+, where the
following energy differences were obtained: AHp, =
—0.1 kcal/mol, AH¢a = 0.35 kcal/mol, AHpsy = 0.85
kcal/mol. These were obtained by using the author’s
empirical van der Waals formula, tailored to fit equili-
bration-separation data on Co(III) complexes.?—*
However, if a higher energy van der Waals expression,
such as Bartell's equation, is used, values of AHpsy =
—0.7 kcal/mol, AHga = 0.4 kcal/mol, and AHpa =
().8 keal/mol were obtained,”® in better agreement with
our results for Rh(en);*+.

Another trend which is clear from our data is that in-
creased phosphate concentration results in increased
population of A, in agreement with earlier speculation
regarding preferential stabilization of A through a hy-
drogen-bonded phosphate complex.®=8

Previous Results.—There are no previous quantita-
tive results on the conformations of Rh(en);**. For
comparison, we shall examine previous data obtained
for tris-diamine complexes of Co(III). Several widely
quoted studies!~? have created the impression that the
free energy levels of species A, B, C, and D in Co-
(en);3* are evenly spaced, with a separation of 0.5-0.6
kcal/mol between adjacent levels, and have the fol-
lowing populations: 599 A, 299, B, 89, C, and 49, D.
These results originated from experiments in which
equilibrium mixtures of cobalt(III) tris-diamine com-
pounds were separated by paper chromatography and
determined spectrophotometrically. There were three
main experiments, shown schematically in Figure 10.
This diagram is identical with that of Figure 9, except
for the addition of the A configuration. While again
there may be crossovers in various energy levels, A and
A levels on the same line (e.g., A-A\X and A-388) are
equal in energy.

In the first equilibration—separation experiment, a
1:3 mole ratio of Co(III) and (R)-propylenediamine
was equilibrated over a charcoal catalyst, and the A
and A complexes (Ib and Ia, respectively) were sep-
arated and determined. Because (R)-pn forms vir-
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Figure 10.—Conformational isomers of Co(en);** and mixed
ethylenediamine—(R)-propylenediamine complexes of cobalt(III).

tually completely the A conformation, the observed
14.6:1 ratio was translated into a value of AG = 1.6
kecal/mol for conversion of the A-AAX species into the
A-M\ species.  In the second experiment, a mixture of
Co(III), ethylenediamine, and (R)-propylenediamine
was equilibrated over charcoal, and the A-(en)(pn), and
A-(en)(pn); complexes were separated and determined
(ratio 7.5:1). The ethylenediamine ring is not re-
stricted to the A conformation but can adopt the con-
formation or mixture of conformations of greatest
stability. Assuming the ethylenediamine ring to adopt
the A conformation in the A complex and the § confor-
mation in the A complex, the authors treated the re-
sulting AG value (1.2 kcal/mol) as if it pertained to the
conversion of the A-AAX species into the A-8AN species.
In the third experiment, a mixture of Co(I1I), ethyl-
enediamine, and (R)-propylenediamine was equili-
brated over charcoal, and the A-(en).(pn) and A-(en),-
(pn) complexes were separated and determined (ratio
2.1:1). The same assumptionb were made in regard to
the ethylenediamine ring conformations, and the AG
value of 0.45 kcal/mol was treated as if it pertained to
the conversion of the A-AAMA species into the A-86A
species.

MacDermott?® subsequently corrected several as-
signments in the paper chromatographic bands, which
changes the original results slightly. Hawkins®*® re-
cently pointed out the need to correct for the presence
of equilibrium amounts of higher energy ethylene-
diamine ring conformers in the mixed en-pn com-
plexes. For example, in the A-(en)(pn); complex,
both A-AAX and A-8A\\ species are present in appre-
ciable amounts, and the observed equilibrium constant
actually includes all species enclosed in IIa and IIb in
Figure 10. One reason this may not have been con-
sidered earlier is that when AH values between ad-
jacent levels are equal, as was believed, this correction
goes to zero. In his recalculation of the A-(en): (pn)
experiment, Hawkins failed to include one of the species
A-8\\ or A-AS\ enclosed in IIIb and the analogous
species in IITa, and he did not make full use of the
available data.

Table III gives the corrected relative intensities and
assignments of the paper chromatography bands in ref
2-4. In cases where multiple data points were re-
ported, standard deviations have been estimated.
Table III includes data from experiments where' 2:1
ratios of en:pn were employed, as well as those em-
ploying 1:2 ratios of en: pn.

What is desited in these experiments is to find the
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TasBLE III
EQUILIBRIUM CONCENTRATIONS OF Co(II]) COMPLEXES OF
ETHYLENEDIAMINE AND (R)-PROPYLENEDIAMINE
Fraction®

en:pn = 1:2 en:pn = 2:1

a 4.2+0.2 33.0
b 7.1%0.8 13.0
c 5.7+0.4 2.5
d 2.0+£0.1 0.5
e 2.1 0.33
et 14.7 £ 0.5 12.6 27.6 k0.1 27.3
f ~24 ~12
g 35.7+1.5 ~12 18.7 0.1 ~8
h,i 30.6 0.7 4.9+0.2
Av
X 30.6/2.1 = 14.8 4.9/0.33 = 14.6 14.6
Y 35.7/7.7=4.6 0.4 18.7/3.0 = 6.2 5.4+1.1
Z 12.6/7.1=1.8%+0.2 273/130=21 1.9 +£0.2

¢ PFractions labeled using same lettérs as in ref 4: (a) A-and
A-Co(en)s*+, (b) A-Colen)o((R)-pn)t+, (¢) frams-A- Co(en)((R)
pn)*((R)-pn)?* and frans-A-Co(en)((R)-pn)((R)-pn)*3+, (d) cis-
A-Co(en)((R)-pn)s3*, (e) cis- and trans-A-Co((R)-pn)st+, (et)
A-Co(en)y((R)-pn)t+, (f) trans-A-Co(en)((R)-pn)?+, (g) cis-A-
Co(en)((R)-pn)®t, (h) cis-A- Co((R)-pn)s**, and (i) frams-A-
Co({R)-pn)st+.

concentration ratios of species at the A and D levels,
the A and C levels, and the A and B levels. These
ratios are microscopic equilibrium constants (desig-
nated K') between particular species and can be ex-
pressed as

K'pa = [A-NNA]/[A-MAA] = [A-588] /[A-AAA] (27)
K'ca = [A-8\\]/[A-MAA] = [A-A35]/[A-ANA] (28)
K'ma = [A-88]/[A-MN] = [A-NN3]/[A-NW] (29)

The experimentally determined concentration ratios
in the three experiments described above are called X,
Y, and Z and are defined as

(Ib] _ [A-Co((R)-pn)s*] _ [A-MN] _ 1
X = Tfa] = [ACo((Rpn)s™l ~ (A ~ Bpa 0
y = bl _ [A-Colen)((R)-pn)*] _ [A-MN] + [A-8] _
[Ta] =~ [A-Co(em)((R)-pn)sf™]  [A-AAA] + [A-8AN]
1 4+ K'pa
B+ Ko OV
7 = [IIIb] _ [A-Co(en)y((R)-pn)**]
= Tita] = [A-Colen)((R)-pn)f¥] ~
[A-ANA] 4 2[A-0N\] + [A-88N] _ 1 +2K'ps + K'ca 32)

[A-AAA] + 2[A-8AA] + [A-88N] ~ K'pa + 2K’ca + K'Ba

Table III gives the values of X, ¥, and Z obtained for
the 1:2 and 2;1 ratios of en:pn and the average values
of X, V,and Z. The values of the microscopic equilib-
rium constants are determined from X, ¥, and Z as

A —-2)/X] — 14122~ 1)/V]

K'pa = 5 - Z — (@2 = /7] = 1.29 = 0.80
(33)
Kloa = [(K'sa + 1)/V] — 1/X = 035 = 0.17  (84)
K'pa = 1/X = 6.9 X 102 (35)

Even after all errors in concentration of various
species in the mixed en—pn experiment have been re-
moved, the most serious error remains, which has not
been pointed out previously. This is the error of di-
rect application of AG values obtained from mixed
en-pn systems to the Co(en);®* system. In mixed
en-pn systems, all equilibria involve discrete species of
corresponding symmetry numbers.

When applying the en-pn AG values to the Co(en)s**
system, where different symmetry numbers (¢ = 20r6)
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TaABLE IV
FREE ENERGIES AND CONFORMER POPULATIONS OF TRIS-ETHYLENEDIAMINE AND RELATED COMPLEXES AT 25°

Method Ref
Co(en)-Co{pn), equilibration-separation
Co((S)-pn).((R)-pn),?*, equilibration-separation 2b

M(en);, M-N = 2.0 A, caled 21
M(en);, M-N = 2.3 A, caled 21
Rh(en)**, 0.15 M, nmr This work
Rl(en)®*, 0.156 M in 0.3 M POS#™, nmr This work

a Assumed.

apply to different species, the en-pn AG values may be
set equal to the AH values for Co{en);?*+ and appro-
priate AS terms may be added. In one of the few
prior works® recognizing the importance of the sym-
metry contributions to AS, the AS terms were need-
lessly subtracted from the en-pn AG wvalues in order to
find AH values for Co(en);®+. Taking account of the
entropy terms, from the original data in Table III we
calculate the free energy values shown in Table IV.

In a study of mixed ((R)-pn)- and ((S)-pn)Co!l
complexes Dwyer, et al.,” prepared equilibrium mix-
tures which included all conformers shown in Figure 10.
Analysis of the various chromatographic fractions
yielded the results listed in Table IV. Note that the
free energy values in the mixed (R)-pn and (S)-pn
system were directly applicable to Co(en)s®+ by virtue
of the correspondence in symmetry numbers.

These free energy values?® are applicable to Co(en);*+
orly insofar as one is willing to accept propylenedi-
amine as a suitable model for ethylenediamiine.

Note that the chromatographic data in Table III
contain appreciable random error. There are also sev-
eral sources of possible systematic error. One which

“~feserves special examination is the basic assumption of

the entire experiment—namely, that any ethylenedi-
amine ring of the A conformer can be substituted by an
(R)-propylenediamine ring with mnegligible energy
transfer. One way of assessing the merit of this as-
sumption is by studying the distribution of geometrical
isomers of Co(pn);*t and Co(en)(pn).®*, i.e., isomers
formed by breaking metal-nitrogen bonds of propyl-
enediamine rings and switching the rings end-for-end.
The presence of geometrical isomers was largely ig-
nored in the original papers,?3 although MacDermott
later showed* that cis- and #rans-Co{en) (pn).*+ were
actually separated in the paper chromatography work.
If propylenediamine is indeed an adequate model of
ethylenediamine, there should be no energy differences
between cis and trans isomers, and these isomers should

AGBA, AGca, AGDa, %, % % %
kecal/mol kcal/mol kcal/mol A B C D
—0.80.4 0.0+04 160 17 65 17 1
0.0 0.562 1.62 40 40 17 3
0.15 0.75 1.5 47 36 13 4
—0.55 —~0.45 0.2 16 40 33 11
—1.4+0.5 >0.5 >0.5¢ 8 92 02 0=
0.1x0.1 >1.0e >1.0¢2 45 55 0= 02

always appear in correct statistical ratios in any equi-
librium mixture. cis- and frans-Co(pn)s®*™ have al-
legedly been separated®® in the correct statistical ratio
of 1:3. The statistical ratio of ¢ts- and trans-Co(en)-
(pn):*+is 1:1. However, the ratios of d:c and g:f in
Table ITI show cis:trans ratios for Co(en)(pn),*+
ranging ffom 1:2 to 1:5, casting doubt upon propyl-
enediamine as an adequate ethylenediamine model.

The results of Hawkins' calculations®! are also in-
cluded in Table IV. We make no implication that the
results for Rh(en);**+ and Co(en);*+ should agree. In
fact, preliminary results?? on Co(en)s** contain signifi-
cant differences from the Rh(en);** results. The im-
portant point, however, is that all results for tris-
ethylenediamine complexes agree that species B is com-
parable to or below species A in free energy. The pre-
cision with which the conformational energies of Rh-
(en);*+ can be calculated from nmr data is limited by
the spectral line widths and might be greatly improved
through spin-decoupling and other resolution-enhance-
ment techniques.

It seems clear that nmr data alone cannot provide
complete conformational analysis of tris-ethylenedi-
amine complexes at the present time, However, these
nmr data provide valuable new evidence that can be
used in conjunction with other techniques.
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