Inorg. Chem. 1994, 33, 41894190 4189

Direct NMR Evidence Confirming Hyperconjugation
in Alkylcobalamins: Secondary Deuterium Isotope
Effects on the 15N NMR Chemical Shift of the
Axially Coordinated Nitrogen of Ethylcobalamin

Kenneth L. Brown,* Xiang Zou, and Bradley M. Webb

Department of Chemistry, Box CH,
Mississippi State University,
Mississippi State, Mississippi 39762

Received December 14, 1993

Introduction

Electron delocalization in carbon—metal bonding was recently
demonstrated by the successful application of multiparameter
substitution effect analysis to kinetic, thermodynamic, and
spectroscopic properties of organocobaloximes of the type
YCH,Co(D,H;)L!-? and organocobalamins of the type YCHS,-
Cbl.!# Inthesesystems, the “resonance” effect of the substituent,
Y, is often as important as its inductive effect.2 This has led
to the conclusion® that classical hyperconjugation (eqs 1 and 2)
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Y— CH,;— Co - === CH;--- Co [¢§]
5 5
Y= CH;— Co =—» === CH,--- Co (2)

is a significant contributor to metal—carbon ligand bonding in
these complexes. While the success of such correlations including
animportant “resonance” term provides indirect evidence for the
existence of significant hyperconjugationin these complexes, direct
evidence has been lacking. Suchdelocalization would be expected
to give rise to significant secondary deuterium isotope effects if
the B-hydrogens of RCbl’s, such as ethylcobalamin (eq 3), are

5+ 5.
H— CH,— CHy;— Co=N ~~——— H---CH,z2:CH,--- Co=N (3)
~ ~’

substituted with deuterium, due to the anticipated loss of zero-
point energy in the hyperconjugated species. Indeed, such
secondary S-deuterium isotope effects have long been attributed
to hyperconjugation.’

We now present direct evidence of such hyperconjugation in
ethylcobalamin (Figure 1) in the form of a significant secondary
B-deuterium isotope effect on the 15N NMR chemical shift of the
axially coordinated nitrogen atom. In addition, evidence is
provided that this deuterium isotope effect is not due to anagostic
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= §’-deoxyadenosylcobalamin (coenzyme B;;), RCbi* = alkylcobin-

amide. FB = cyanocobinamide, CNCbi, a mixture of a-H,0-8-CN-Cbi

and «-CN-8-H,0-Cbi.
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Figure 1. Structure of ethylcobalamin (CH3CH,Cbl).

interaction between the 8-methyl group of CH3;CH,Cbl and the
metal atom, despite the very high field proton chemical shift
(0.7 ppm) of this methyl.

The 15N NMR chemical shifts of the coordinated nitrogen
(B3) of the axial nucleotide of base-on RCbI’s%6 are exquisitely
sensitive to electronic effects of the trans ligand. Thus, as the
trans ligand is altered from Ado! to H,O, the B3 15N resonance
shifts upfield by 86.3 ppm,** while the free energy for coordination
of the pendent axial nucleotide becomes more negative by 7.9
kcal mol-1.7 This extreme sensitivity (10.9 ppm/kcal of binding
free energy) suggests that very small changes in the binding
constant for coordination of the axial nucleotide in RCbI’s may
be detectable using the B3 1N chemical shift.

Results and Discussion

The secondary 8-deuterium isotope effect is demonstrated by
the data in Table 1, which show that the !5N resonance of the
axially coordinated nitrogen in CD;CH,Cbl is shifted upfield 2.1
ppm relative to that of CH3CH,Cbl. Since hyperconjugation
must be less important in the deuterated species, the metal center
in CD;3;CH,Cbl should be more electrophilic (eq 3) and the binding
constant for the axial nucleotide higher than that in the unlabeled
complex. Thus, the direction of the B3 SN chemical shift
perturbation is as anticipated if the hyperconjugated species is
a significant contributor to the structure of CH;CH,Cbl. It is
well-known that deuterium is more electropositive and thus more
electron donating than hydrogen.5a289.10 The effect of deuterium
substitutionin CD;CH,Cblshould be tolower the binding constant
for the axial nucleotide and to shift the B3 resonance downfield.
This effect is clearly seen in the B3 !N chemical shift of CHj-
CD,Cbl (Table 1), which is 0.7 ppm downfield from that of CH;-

(6) Brown, K. L.;Evans, D.R.; Zou, X.; Wu, G.-Z. Inorg. Chem. 1993, 32,
4487,

(7) Brown, K. L.; Hakimi, J. M.; Jacobsen, D. W. J. 4m. Chem. Soc. 1984,
106, 7894.

(8) Srinivasen, P. R.; Lichter, R. L. J. Magn. Reson. 1977, 28, 277.

(9) (a) Halevi, E. A. Prog. Phys. Org. Chem. 1963, 1, 109. (b) Jencks, W.
P. Catalysis in Chemistry and Enzymology,; McGraw-Hill: New York,
1969; Chapter 4.

(10) (a)Kresge, A.J.;Rao, K. N,; Lichtin, N. N. Chem. Ind. (London) 1961,
53. (b) Klein, H. S.; Streitweiser, A. Chem. Ind. (London) 1961, 180.
(c) Bell, R. P.; Miller, W. B. T. J. Chem. Soc., Faraday Trans. 1963,
59, 1147. (d) Halevi, E. A_; Nussim, M.; Ron, A. J. Chem. Soc. 1963,
866.

© 1994 American Chemical Society



4190 [Inorganic Chemistry, Vol. 33, No. 18, 1994

Table 1. !*N, 'H, and 2H NMR Data for Ethylcobalt Corrinoids
and Their Deuterated Analogs®

disn, ppmb Sy, ppm°® e, Hz¢ &y, ppm®
CH;CH,Cbl¢ 227.7 -0.71 128e
CDH,CH,Cbl¢ -0.73 130¢ -0.75
CD,HCH,Cbl4 -0.75/
CD,CH,Cbl4 225.6 -0.78
CH,CD,Cbl4 228.4
CH,;CH,Cbi* ¢ -1.06 129
CDH,CH,Cbi* ¢ -1.10 129 -1.09
CD,HCH,Cbi* ¢ -1.10/
CD;CH,Cbi* ¢ -1.12
AdoCbl* 229.9
CNCb¥ 188.3
H,0Cbl 143.6

a 15N chemical shifts determined relative to external CH;NO; but
reported relative to NH(1) using écu,No, = 380.32 ppm.® 'H chemical
shifts relative to internal TSP. 2H chemical shifts measured relative to
DMSO-d¢ (or natural-abundance DMSO-d;) but reported relative to
TSP. b Chemical shift of the axially coordinated nitrogen (B3), observed
at natural abundance by inverse-detected 'H, 1N HMQC as previously
described.*6 ¢ Chemical shift or C-H coupling constant for the organic
ligand 8-methyl group. 4 In DMSO or DMSO-dg, except as noted. ¢ In
20% CD3;CN/D;O. f Observed as the proton residual in the complex
prepared from CD3;CH,Br, 98 atom % D. 2In D;O. * Reference 4.
i Reference 6.

CH,Cbl. Thus, the upfield shift of the B3 resonance in
CD;CH,Cbl cannot be due to the “inductive” effect of deuterium.
In addition, we note that significant hyperconjugationin CHj-
CH,Cbl (eq 3) would be expected to cause the 3-methyl protons
of the organic ligand to be acidic. Indeed, when the 'H NMR
spectrum of CH3;CH,Cbl was observed in 0.1 M potassium
deuterioxide in D,0, the relative integral of the 8 methyl proton
signal gradually disappeared, demonstrating an exchange with
solvent deuterium with a half-time of 280 min. Thus, the 8-methyl
protons of CH3CH,Cbl are, in fact, significantly acidic.
Because of the high-field 'H chemical shift of the 8-methyl
group of CH3CH,Cbl (—0.71 ppm) and the even higher field shift
(~1.06 ppm) of this resonance in the axial nucleotide-free analog
CH;CH,Cbi*,! the possibility that an agostic interaction!! of the
B-methyl protons of CH3;CH,Cbl with the metal ion might be
responsible for the 1*N chemical shift secondary isotope effects
as well as the acidity of the 8-methyl protons must be considered.
Such an interaction has been postulated to occur between the §
protons and central cobalt atom of alkylcobalt porphyrins.!2 While
in static agostic interactions 'H NMR chemical shifts as high as
~15to—16 ppm have been reported and C-H coupling constants
of 60—-90 Hz are typically observed due to the reduced C-H bond
order,!13 in fluxional systems such as agostic methyls, averaged
chemical shifts are more moderate (+2.7 to —6.5 ppm) and the
averaged value of 'Jcy for the agostic (60-90 Hz) and the
nonbridging hydrogens (as high as 140 Hz due to the increased
s character for the nonbridging C-H’s)!3.14 is often in the normal
range (120-130 Hz) for a CH; group.!1* However, due to the
smaller zero-point energy difference between D and H in the
three-center bond relative to that in the nonbridging positions,
there is a thermodynamic preference (0.1-0.2 kcal mol-1)! for
hydrogen to occupy the bridging position. Thus, for agostic
methyls, a decrease in 'H chemical shift and 1Jcy value with
progressive deuteration is considered diagnostic of the agostic
interaction.i113.14158,16 Tn addition, the 2H resonances will occur
downfield from the 'H resonances and will shift downfield with
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Notes

progressive deuteration due to the preference for the lighter isotope
inthe agosticinteraction.!6b< However, asseenin Table 1, neither
the 'H chemical shift, the C~H coupling constant, nor the H
chemical shift of the organic ligand methyl group of CH;CH,-
Cbl or CH;CH,Cbit is significantly affected by progressive
deuteration. We conclude that this methyl group is not agostic
and that the secondary deuterium isotope effect on the N
resonance of the axially coordinated nitrogen of CH3;CH,Cbl
and significant acidity of the 3-methyl group of the organicligand
must be due to hyperconjugative electron delocalization.

Exalted hyperconjugation (i.e., ¢ — = conjugation)!’ has
previously been shown to be responsible for the organometallic
“B-effect” in organocobalt complexes, observed as the weak acidity
of 1-(carboxyalkyl)cobaloximes!” and (carboxymethyl)cobalt
corrinoids,!® the anomalous °F chemical shifts of p-(fluoroben-
zyl)cobaloximes,!® the anomalously low carbonyl stretching
frequencies of (formylmethyl)cobaloximes,?® and the upfield
chemical shift of the 'H NMR resonance of the aldehyde hydrogen
of (formylmethyl)cobalamin.2! However, since this type of
electron delocalization requires a low-lying 7 system involving
the B atom of the organic ligand and can only function to withdraw
electron density from the metal center, ¢ — 7 conjugation cannot
be operative in CH3;CH,Cbl. Similarly, in their study of
substituent effects in YCH,Co(D,H;)L complexes, Marzilli et
al. attributed the substantial “resonance” effect of Y ton — ¢
conjugation from lone pairs on Y to the Co—C ¢ bond.2 While
such delocalization would indeed donate electron density to the
metal center, the absence of a lone pair on the 8 atom of CH;-
CH,Cbl precludes this explanation for the delocalization observed
here. Thus,the delocalization demonstrated in CH;CH,Cbl must
be due to classical hyperconjugation which, due to the metal’s
ability to stabilize charge, is substantially enhanced in these
organometallic systems.

Experimental Section

Deuterated ethyl bromides were from Cambridge Isotope Laboratories,
and CNCbl was from Roussel. Factor B,!:2223 ethylcobalamins, 2425 and
ethylcobinamides?’ were prepared as described previously. 1D and 2D
NMR spectra were obtained on GE QE 300 and Bruker AMX 300 NMR
spectrometers, respectively. The SN NMR resonances of the axial
nucleotide of ethylcobalamins were observed using an inverse-detected
HMQC experiment maximized for the approximately 9-Hz coupling?6
as described previously.§
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