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York, 1975) mentions only Cr3* photoracemization. Reference 2a notes
that _Photoracemization accompanies photoredox processes for Co%*+ and
Rh3* oxalato complexes.
One reason that we emphasize only the Mg’ mode in this analysis is that,
with the high expense of such calculations, a full analysis of the Mg’ mode
is difficult to justify when there is little difference in the surfaces at the Cl
level; another reason is that the Ms" mode is favored for phenanthroline
by smaller interligand repulsions from the 2,9 protons. That the lowest triplet
term lies closer to the 'A/5A intersection for the M;'' mode than for Mg’
turns out to be of little significance: comparison of Cl + LS calculations
for both modes 1° prior to the crossing shows comparable mixing of A
and 5A terms.
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L. Landau, Phys. Z. Sowjetunion, 2, 46 (1932); H. Eyring, J. Walter, and G.
E. Kimball, ’Quantum Chemistry’’, Wiley, New York, 1944, pp 326-
330.
(16) L. L. Lohr, Jr,, and E. K. Grimmelmann, J. Am. Chem. Soc., 100, 1100
(1978).
More properly one should also thermally average the frequencies of ap-
proach; for our purposes this is an unnecessary elaboration of the theory.
The idea here is only to see if a typical bending mode frequency is com-
patible with the experimental rate constant. Alternately, one could compute
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the number of crossings required for half-reaction and divide by the ex-

perimental half-life to obtain a frequency of assaults on the surface

crossing; this should be compatible with » ~ 1072 s~ (see ref 16). Also,
since we are interested in the racemization rate constant we should allow
for the fact that two singlet—quintet crossings are required. The probability

for this is 2P(1 — P,) = 2P, when P, is 1.

Interestingly, this discrepancy is also on the same order as the 7 bonding

parameter, e,, which appears appropriate for phen with first row metals;

e, has been ignored in these calculations.
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The flatness of the SA surface is probably not unique to the M;' surface

in the sense that the ®A surface is probably flatter than 'A along several

metal-ligand coordinates. Note, however, that the flatness of 5A in Figure

3 arises in the absence of interligand repulsion.
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Abstract: Two methods are presented for the computation of the time development of z magnetizations in multispin systems
during and following application of irradiation at the resonance frequency of one of the spins. Method A includes explicit con-
sideration of the response of the irradiated nucleus to the irradiating field, and can be used in cases where the irradiating power
is low (YH, < 1/Ty). Method B assumes instantaneous saturation, and is appropriate when high irradiating power is used. In
both cases the spin systems are assumed to consist of nuclei with distinct chemical shifts and negligible coupling constants.
Sample calculations were performed on model proton systems, assuming long correlation times, typical of larger proteins or
other biomacromolecules. These demonstrate that the time dependence of the nuclear Overhauser effect can be used in such
systems to investigate relative internuclear distances and to probe for gaps separating islands or chains of nuclei. The use of

high irradiating power is shown to be desirable.

Introduction

Steady-state NOEs have been much exploited for the es-
tablishment of spatial proximity between pairs of nuclei in
complex molecules.2 However, when the molecular weight
becomes large enough that wr. > | (for example, for all but
the smallest proteins), the occurrence of spin diffusion causes
the steady-state NOE:s to be quite nonselective. For interme-
diate weight proteins, the existence of gaps separating groups
of protons in the system will restore some selectivity, but little
information can be obtained on spatial arrangement within the
groups.®

In order to overcome this difficulty, one may observe the
changes in intensity at short times after initiating irradiation.
The macroscopic magnetization of the irradiated nuclei is then
reduced more or less quickly to zero. Those nearby nuclei which
cross-relax strongly with the irradiated nucleus will be excited
quickly, and will be expected to show a NOE at short times.
As spin diffusion occurs, nuclei more remote will also show
effects. Thus the time dependence can be used to establish
spatial proximity, restoring the capability lost by spin diffu-
sion.

Wiithrich et al.”-# have demonstrated the value of this ap-
proach, applying it to the assignment of proton signals in the
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spectra of bovine pancreatic trypsin inhibitor and of horse heart
ferricytochrome c.

The detailed calculation of the time dependences of the
NOEs in a multispin system after initiation of irradiation at
time 7 = O may be performed in several ways. We present two
methods here applicable to polyspin systems where & > J for
all interacting spins; in the first, an explicit calculation of the
effect of the irradiating field on the irradiated nucleus is in-
cluded, so that cases where v H; is comparable to or less than
the cross-relaxation rate may be analyzed. The second method
is applicable to the situation where a strong irradiating field
is used so that saturation is, in effect, instantaneous. A simpler
analysis is then possible. In the limit of strong irradiating fields
the two methods lead to identical resulis.

Methods of Calculation

Method A. In this case the approach starts with the density
matrix equations,® using the normal (or magnetization) mode
coordinates of Werbelow and Grant,'0 giving

dV,‘/dl + Z F,']'Vj = —sz,' (l)

J
Here v; = M_.' — M is the z magnetization of one of the
spins, and V; is the sum over all of the transitions of spin / of

the "'V-mode” elements v, In this paper we ignore the normal
mode elements which do not correspond to z magnetiza-
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tions—this amounts to an independent relaxation model in
which cross-correlation is neglected.

The derivation of a single equation for V; requires that either
(1) all transitions of spin / have the same frequency (scalar
coupling constant J = 0) or (2) if the resonance is irradiated
by an rf field H, the power is large enough to decouple, v H>
> 27J. We will also assume that only one spin is irradiated on
resonance (the right-hand side of eq 1 is zero for all but that
spin) and that that resonance is isolated—not overlapping with
another—and the power is less than the chemical shift to the
nearest resonance. Thus

dV,‘/dl + RV = wiM_; (2)

with Ry = 1/T, of that resonance and w; = vH,.

Equations | and 2 are most conveniently solved using La-
place transforms.!! This gives for the irradiated spin (called
o)

[(s + pa)(s + R2) + w22 ] (M, * — Mo)

+ (Ra+5) T 04j(MJ = Mo) = wa?Mo/s  (3)
j=a

and for the spins not irradiated
(s+ p ) (M= Mo) + 3 0j;(M.J — Mo) =0 (i % )
j=i

4)

where M, = M,(s) is the Laplace transform of M.(¢) and s
is the Laplace variable; p; is the diagonal element of T and is
the sum of all p;; to that spin (see below). The o;; are the off-
diagonal elements of T'.

These equations can be written compactly as

% By ()[M.(5) = Mol = =+ w2 Mober (5
J

The characteristics of the B matrix are shown in Table I.
The relaxation elements of Table I are given by

.Y4h2
Ry =3 ~—% [0.25/(0) + 0.45f(wo) + 0.3/(2w0)]  (6)
J o
e
pi=y — [0.1/(0) + 0.3f(wo) + 0.6/Qwo)]  (7)
J iJ
452
7= L [0.6/(2u0) - 0.1/(0)] (®)
i
where
Aw) = 7o/(1 + wir?) €

r;j is the distance between spins i and j, 7y is the gyromagnetic
ratio, wo is the Larmor frequency of the spins, A is Planck’s
constant divided by 27, and 7. is the rotational correlation
time.

Formally, a solution to eq 5 can be written:

. 1 B 1 P;

i(s) — = o a2 M = Ly 2 i)
M:/(s) = Mo S @2 M0|B| - @2 MOQ(S) (10)
For N spins, Q(s) is a polynomial of degree N + 1 representing
|B|. This was specified by calculating |B| for N + 1 values of
s (chosen in our case so R, < 5 < —R3) and then calculating
the polynomial coefficients by the Vandermonde determinant
method.!? P;(s) is likewise a polynomial (of degree N — 1 or
less) representing the cofactors B/,

Now, taking the inverse Laplace transform of eq 10, we get
the solution for the nuclear Overhauser effect (NOE) 7; of spin
J:

= (M. = Mo)/My (11)

77] =3 —w22 zk: dkjak(exp(akt) - 1) (12)
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Table L. The Laplace Matrix B

saturated spin

(Ry+5)(pi +8) + wy? pits
(R2t5)ay aj

spin not saturated

diagonal
off-diagonal

where the o are the N + 1 roots of Q(s). If the roots of Q(s)
are not repeated (which they could be if the center spin of a
symmetrical array were irradiated), the coefficients are given

by
ar’ = Pi(ag)/Q’ (o) (13)

where Q” is the derivative of Q(s).

One could reasonably expect that the roots of Q(s) would
either be real or occur in conjugate pairs. In fact, for N spins,
N — 1 roots are real and negative and two are complex con-
jugates of each other (except at very small power H; when all
are pure real). Hence we define

o = Xi + Yy (14)
Al = wy? Re(ar/ o) (15)
Bi/ = wy? Im(ax/ax) (16)

and
N+l
= kz-:l {4/ [1 = cos (Yit) exp(Xit)]

+ B/ sin (Y1) exp(Xxt)} (17)
The steady-state NOE Is obviously

0,7 = 3 A’ (18)
=

For up to eight spins, these computations can be done rapidly
and efficiently on a computer. However, numerical problems
arose with eight spins, especially at 7. 2 1078; these apparently
involved overflow and loss of accuracy in evaluating the Van-
dermonde determinant. These problems were minimized by
scaling the problem by R,. Then the polynomials were evalu-
ated for 1 <s < —1 and the real parts of roots were generally
between 0 and about —2. Even so,a DEC10 computer with a
36-bit word was barely accurate enough in single precision to
solve the eight-spin problem. A B7700 computer with a larger
word size was used in the computations of this paper.

Method B. As mentioned previously, two of the roots of Q(s)
are complex. At high powers, the imaginary parts of these roots
approach xw,. These oscillations never significantly affect any
spin but the one irradiated; in the high-power limit (HPL) they
dominate that one. Calculations show for the irradiated spin
in the HPL

Ne = cos (wyt)e R — 1 (19)
with
R'=(Ry+ po)/2 (20)

Since the nonirradiated spins do not oscillate, it is permis-
sible to neglect the oscillating term of eq 19 and solve eq 21 (/
#= o)

dM;’ ,
—+ Z Fij(sz_MO) = ;Mo (21)
dr ET
Defining the I'V matrix as the relaxation matrix I' excluding
the irradiated spin, we get for the HPL

771'(1) = zk: (T]k(O) - 771<(°°)) Z Uij_lUjk
J

X exp(=N;t) + mi(@)  (22)
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Table IL. Half-Lives () and Steady-State NOEs n(«) for Six Spins—Uniform Chain of Protons at 360 MHz

To=1X 1078, rij=2 A, woTe = 22.6, Ry = 22.34, g;; = ~8.87,and p;; = 8.98
2 10

r2 (Hz) = 0.5 20
SATF = 0.05 0.8 20 79
spin T, S n= T,s ne TS n= T, S ne
1 1.9 -0.335 a -0.889 a —-0.995 a -0.999
2 2.4 -0.305 0.4 -0.812 0.12 -0.908 0.11 -0.912
3 2.9 -0.283 0.8 —-0.753 0.39 -0.843 0.38 —0.846
4 3.2 -0.268 1.2 -0.712 0.75 -0.797 0.73 -0.800
5 3.4 -0.259 1.4 -0.688 0.99 -0.770 0.98 -0.773
6 3.5 -0.256 1.5 -0.680 1.11 -0.761 1.09 -0.764
T.=5X%X 1078, riy =2 A, wore = 1131, Ry = 111.3, g, = —44.49, and p;; = 44.57
vy (Hz) = 1 10 20 100
SATF = 0.0! 0.8 3.2 80
spin T,S n® T, ne T, n® T,S n=
1 7.2¢ -0.631 0.4 -0.994 a —-0.999 a -1.000
2 7.4 -0.629 0.12 -0.990 0.04 —-0.994 0.03 -0.996
3 7.5 -0.627 0.23 -0.987 0.13 -0.991 0.10 -0.993
4 7.5 -0.625 0.31 -0.984 0.21 -0.989 0.18 -0.990
5 7.5 -0.624 0.36 -0.983 0.26 —-0.987 0.23 —-0.989
6 7.6 -0.624 0.38 -0.983 0.29 -0.987 0.25 -0.988
4 Since the amplitude of the saturated spin oscillates, particularly at high power, it is not always possible to define a half-life.
Table I11. Half-Lives and NOEs for Six Spins, 4/5 Broken Chain of Protons at 360 MHz, r;; = 2 A Except 745 3 A2
T (s) = 1 X 1078 5% 1078 5X 1078 5% 1078
r2(Hz) = 20 1 20 100
spin T, n= T,$ n® T.S n T, S n*
l -0.999 7.7 -0.677 -0.999 -1.000
2 0.11 -0.929 7.8 -0.675 0.04 —-0.995 0.03 -0.997
3 0.38 -0.881 7.9 -0.673 0.10 -0.993 0.08 -0.994
4 0.50 -0.854 7.9 -0.672 0.14 -0.992 0.11 -0.993
5 2.23 -0.668 8.5 -0.665 0.61 -0.981 0.57 -0.982
6 2.34 -0.661 8.5 -0.664 0.63 -0.980 0.60 -0.981

@ Relaxation parameters for this case are the same as given in Table | except where the 4-5 interaction is concerned; g4s and p4s are reduced

by a factor of 34)¢ = 11.4.

where U is a unitary matrix which diagonalizes I'’, v; are the
eigenvalue of I, and the steady-state Overhauser effects,
n:(), are obtained from

ni(e) = Z]: (I 0

This method can be applied to large systems, limited only
by the computer’s capability to diagonalize and invert large
real symmetric matrices. A program for systems up to 20 spins
has been written, and allows calculation of the time develop-
ment of the Overhauser effects with high-power irradiation
switched on or off on an arbitrary schedule or with the system
prepared in an arbitrary state (for example, by inversion of one
set of spins).

1t will often be the case experimentally that the H, power
applied will not be uniform across the sample, so that the
nutation rate will be nonuniform and the magnetization in the
rotating frame will quickly lose coherence. This will have the
effect of suppressing the observable oscillations in the z mag-
netization of the irradiated nucleus, causing the behavior to
approach more closely the HPL case.

(23)

Results

Sample computations were done for a chain of protons, in-
cluding relaxation coupling to nearest neighbors only. All spins
were assumed to have distinct Larmor frequencies. Since the
buildup of the NOE is a sum of exponentials, it is difficult to
characterize the growth in a simple manner. We choose to use
the half-life (7) at which the NOE reaches 1 its steady-state
value.

Table 11 shows the results of calculations for a uniform
six-spin chain of protons at 360 MHz with a spacing of 2 A and
various powers ( H3). (In the table vy = yH>/2m is the power
in units of Hertz.) The correlation time 1 X 103 is barely in
the spin-diffusion limit. The second calculation for 7. = 5 X
10~% s is well within the spin-diffusion limit. In this table,
SATF = y2H,?/Rypa is an attempt to approximate a satu-
ration factor for the rf field at spin «. It is not entirely suc-
cessful at long correlation times as can be seen.

Several important conclusions come from these calculations.
At low powers, all spins (including the one irradiated) relax
rather slowly and all at nearly the same rate. At higher power,
sufficient to saturate the irradiated spin, the growth of the
NOE depends very sensitively on the position in the chain of
the observed spin relative to the irradiated spin. Indeed, the
“contrast” grows with increasing power to a limit. Powers
higher than those shown in Table II do not give significantly
different results than those shown. It seems evident that the
optimum power is the highest practical. (Other factors not
included here such as indirect saturation of nearby resonances
place a practical upper limit on the power level.)

Table 111 shows the result of calculations on a system of six
spins in a chain with a “gap” introduced between protons 4 and
5. It is interesting that, even though the steady-state effects
could not be used experimentally to reveal the gap, it is dem-
onstrated very clearly in the sudden increase in half-life be-
tween the effects for protons 4 and S at the higher powers,

The calculations shown in Table IV are designed to show
that the rate of growth of the NOE depends on the absolute
distance to the saturated spin as well as on the relative position
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Table IV. Time-Dependent NOEs-—Broken Chain of Seven Protons¢
r3y = 3A 34 4A 4A
saturate 4 3 4 3
spin T,S n= 7,8 n® T,S n® 7,8 7"
| 0.59 -0.977 0.05 -0.998 2.72 -0.891 0.05 -0.998
2 0.58 -0.977 0.03 -0.998 2.70 -0.891 0.03 -0.998
3 0.56 -0.978 saturate -1.000 2.69 -0.891 saturate —1.000
4 saturate -1.000 0.66 -0.968 saturate -1.000 3.34 -0.847
5 0.03 -0.997 0.73 -0.966 0.03 -0.997 3.40 -0.845
6 0.08 -0.996 0.78 -0.965 0.08 -0.996 3.46 -0.844
7 0.11 -0.996 0.80 -0.964 0.105 -0.996 3.48 -0.844
¢ Foralley =50Hz, 1. =5X 10785, werc = 113, and ry; = 2 A except r34. which is indicated.

in the chain. These calculations are for a seven-proton chain
with a large distance between spins 3 and 4; either spin 3 or 4
is saturated. The increase in the half-lives as r34 is increased
goes roughly as 7346. For example, comparing the 4-A calcu-
lation to the 3-A calculation of the half-life of spin 3 when 4
is saturated gives (3.34/0.66)!/¢ = 1.3] and for spin 4 when
spin 3 is saturated (2.69/0.56)!/¢ = 1.30.

Of the approximations made in this paper, the most serious
is certainly our neglect of the indirect effect of the rf field on
the other, off-resonance, spins. This effect is twofold: (1) the
steady-state partial saturation of an off-resonance spin and (2)
transient effects, commonly called Torrey!3 oscillations. We
are currently working on this problem. Extension of the theory
to groups of equivalent spins will face complications inherent
in degenerate spin systems detailed by ref 10. Reference 14
shows the difficulties which will be encountered if the theory
is extended to include J coupling.

Listings of the computer programs are available from the
authors on request.
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Abstract: The synthesis and circular dichroism spectra of (15)-2-adathantanone-4-13C (11) and (1.5)-2,4-adamantanedione-
4-13C (12) are reported, two compounds which owe their chirality solely to '3C substitution. The monoketone 11 exhibits a neg-
ative Cotton effect, indicating that 3C makes a smaller octant contribution than !2C, while the diketone 12 shows three circu-
lar dichroism bands of remarkably large amplitude. Since no intensity changes were observed at 77 K it was concluded that
the multiple band pattern does not reflect a dissymmetric solvation equilibrium but that each band corresponds to a different

n — 7* transition.

Introduction

The recently recorded? syntheses and detection of significant
Cotton effects of deuterium-substituted cycloalkanones, whose
chirality is solely due to the deuterium atom, have stimulated
interest in theoretical work* and proved to be of utility in

0002-7863/79/1501-5155501.00,/0

solving some subtle conformational problems.? This encour-
aged us to undertake similar studies on cyclohexanones which
owe their chirality only to replacement of one carbon by !°C.
That such minor isotopic perturbations produce easily mea-
surable Cotton effects® was recently demonstrated! by the
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