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Deuterium NMR - A Uvauﬂ

ﬂezhmqu@ in Chemistry, -
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Dzuterium mrhub-m'-mchmﬂnud
asamsunstosiudy s chemical strustures aad
precensa I enormous potential was

demanstrated in a thorough raport by

Dizhl and Leipert in 1964, but dueto the
unwvailability of spectrometers and to an
irgrained prejudics in nmrtextbooks ithas
only coms to th= foce ia theJast five years.

. A fecent compreharsive m:en cites 350

releranczs?

" he nuclear momsnt of TH is con~
sidzrably lowerthan that of VH; it resonates
2t I5MEzinams 3n=n: fizld of 23XG. Its
deiction ssmsitivity relative to 'H is
0.00965. This, combinad with a natural
adundiace of 0.0155%, makes detzction in
cne=arichzd compounds relatively dil-
ficule). Nonethelsss, ocdinary tap walce
yis!ds 2 sizmal-to-noisz ratio of 2/1 for »
singls scan of 'H at ratural abundance?? as
we shall sz= later this can cause difficultiss
insomzexprrimentswhers H,0fs used 252
solveat, With the avaitability of sensitive

“faseed 33 NHOCT Pudlication Namtver 16204,

and

Bz@ﬂ@ﬂ?y

FT spsctrometers daizction of dauterium
has bscome reutine. Enrichmentin?H s
reasonably i mupeam: 2a¢ bzcemes more
30 as the use of deuteratad compounds ia-
creasss.

Deuterium has a quadrupols moment,
albeit re!:nn cly small; the quadaupols
coupling constant variss from 130 to 210
XHz dependiag upan the chemizal mature
of the compound.? Thz quadnupels mo-
ment was presums2 1o bs & sourse of
prohibitively broad resonances 25 it will
dominate the relaxation bzhavior of *H.
However, for small molsculzs’line widths
of 0.52 Hz are common. Some of the

‘ broad rezonancs=s obsarved, previously

were dusto the presance of unrssolved 'He
3H couplings whizh are cauily mosd by
'H- d=coupling.

The low magnstogyric ratio of 7H lsads

to spinespin couplings much lawer than
thoss observed for 'H; *H-'H and ?H-H

couplings will br enly 155 and 23%. -
sespectively, of theie TH-H analogs. This °
gr=atly simplilizs ¥H spectrx. Although’H

chemical shifts 2re casentially identical in
ppm to those of the corrmsponding 'H, the
scale in Hz is only 157; of thai of Vel The
greatly reduced or uaobservabls spin-spin
couplings compsensate partly for this ap-
parsnt disadvantazz. In the 2malysis of
complex 'H spactra the chamizal shilts of
31, which are easily datzrminsd, yizld a
valuable starting poiat.h*

Deutecivm chiemizal shifts ore as sen-
sitive 23 thoss of 'H 10 conlormatioa or
configuration, although small differsaces

Me&byth.zr—a'-rh:\-dnsof .

Jarge molcculzs? TH namrhos beeavsed tor
follow the paths of chimizz! rezstiond™?

Jan CP. Smity

Division of Diclogieal Sciences
Nz:tonal Research Council of Canada”
Ottawa, Ontario, Canada X1A ORé
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and is par! :uhrlyu!uh.cu henexchanes
of hydrogen is incomplztaltis anexcellet
methad to d’mmznuh simply :l-zc.-;:ee of
: cxchar;: of two \mysuc.il:: hydrogens @
As an isotopic tracer in metabolic o

biosynthatic studiss H s zn inzxpzrsise
substituts for NC?

Thespinspin and spin-im?:e relaxation
timss (T, 2nd T,, respatively) of *H 2
uszlul in stedies of malsulas dynamics =
they 2re complstely domin~ied by »
qu.;&rupoht exchange mxhanism.® They
are imsensitive 1o the prance of oxyges
and las szasitive than those of 'H and IC
to the prosanse ‘of paramagnatic metd
ions.'2 The rdannly shart T, valuss of
3H*93llow rapid data sceumulaiion inthe

pulsd Fourier tram.mn mods of 2eguise
tion, ) s -

In highly ordend Boteis iuth
Iystrogic .u.zmd crysais! or biologisl
membranes'? the mailly averass
quadmpoh splictingy of 78! yicld valuabie
estimates of the degraeof molceular ordar.
For highly s;mmm(mch asND;)
interaciing with colloids or jonic surfacq.
similar  quadeupolar splictings are ie-
dicative of distortions [rem u:\nh:dra! &
cubic symmetry.?

SOMECH EN!C.\L APPLICATIONS .
A classiz examplsof thevszlul acss of °H

amewas reported iapre-Fourier transfom

daysby Montgomeryoral They cxplorad

. the mechanism of substiiution of cyck

olefinic halides with strongly dass
nucizophiles. Thrae machanisms ars poiw
blz: (1) diceet subsiizution (2) formation o
a eyloalkyne intiemalists or (3) forms
tion of 2 cycloallsns isteemediate, Dires
subsiisetion of Clie lehlozacyclohepisns-
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277, () (See Senzme 1) by the phenyl

moicty of phemyllnhivm would yield B
- whose *H nmr spectrum would womprise
two groups of resonaness of relative inten-
sity 21, the former ia the allylic 2ad the
latter in the olcfinic region. Allenic
eliminatioa of chlorine amd subscyuentude
dition to the center of the sllenic system
would lead to C with resonaass in similur
positiues but of relative intemiuia Ll
Cyclauliyne farmation at cuibans] would
lead to two possibie products D and 2
depuading upen how pheny lithmm added
tothetripizhond. The*H nmrspecirum of
the product revzaled two resonanmces of
egual intemity 2t 3= 2.50 2. 2.50 ppm in
apresmzal with the eycloaliyne pathway,

Move recently S:others and cowdrkery
have investigazed the mechanism_ of
homos=nolization in bicyciic kstonss*? In
both sicdiss the shilt reagent Pi(fod), was
used to obtain better disperzion of the H
resonances. A *H nme spectrum of
fenchonsd, ., iz shown in Figure 1. Even
with the 2id of the shift resgent soms
overlz) of rsonances is'evident. The spec-
tra wers computer<imulated using the ine
put resonzsces shown below the exe

* perirnental and calculated composiic spec
tra, Thedegrer ol substitution as a function .
of time was thus maasursd, and therosuls

_-are summarized ia Table 1. Note that (or ~

_s“arter reaction timses substitution of the

endo and exo protoas at posilion dshiowed
& prelerence far the exo proton, wheress
alier three hundeed hours the Two- wers

 equally exchangs=l A strong preferencefor

* theexo methyl group was maintained. The
. authors clzimed an aceuracy of 125 for
* this mathod, ‘ ;
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TABLE 1 .
Quantitaiion by *H-NMR of 2 Incorporation in Fenchone -
a 2 Fuaction of Reaztion Time?
C6 o
T(i:;a Exo Endo Total . Exor ~ Endo . E
- o .
.10 0.25 0.08 L ... 001, . i
.20 ° 034 0.12 . : 0.02 A
0 ° om 03 ‘. o o .
- - & -1 .
100 0.75 053 ... 033 02
-+ 200 0.63 06R Lo L TRM o R 0T ety
|, 300 063 ‘. ..068 3" “‘ogs 042 B8 - * ¢
.:; ¥ - . d o <  JEng
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C Figure ¥ Er#émmul fA) and computzrfizisd (=) 2H neme spestem (154 MA

“Pr{fod),. Th= specicum wos obtaiast wish nolszwmodulat=€ 'Hdscouplinyin a solvent syitery

2} of fznchonsd,,, containing 0.25 eavivalert o
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Ths misshanism’ of fosmation of nore
trizyclanons during dzamination of 2-exoe
amineaarborman-3-ons was elucidated by
EdwardseralV Fizuce 2 shuwsthe®H nmre
speetea of the product with and without
'H-dseoupling. Ths resonance at 1.3 ppmr
is clzarly couplied to 3 geminal proton (i) =

1.5 Hz) whireastha rmonanceat LS ppm is’

broadsned dus to threr unequal and small
vizsinal esuplings, This demonstrates that
the produst has ths struclure showa in
Figure 2. Thepaesitions of dxuteration were
confimad by MC nmr which, however,
could rot distinguish whether the endo or

exo proton at position 6 had besn sube

s:huud,

Using *H nmr DzPuy and coworkers!s
presenisd evidenss for an asymmatrical,
nonrotating. corner-protonated cyclo-
propaas intarmrediate in the electrophilic
ring opzning of substituted cyclopropanes
by 2H~. AT i
MOLECULAR DYNAMICS

The relaxation behavior of ?H is totally
dominated by a quadrupolar mechanism
and tharefore is indicative of molscular
dynamics (iaternal 2nd/ or overall mation)
2t ths position of substitution. This makes
interpretation of relaxation data much
simpler for2H than for 'H or V'C. For the
simplest case of rapid isoiropic motion,
UT,(CH) = (323qQ, 8h)'r,, where e2qQ/ h is
theguadrupolz coupling constantinradian
szt 2nd 7, is the correlation tim=for rota-
tion of the C=H bond. As a rulz of thumb
ore an 3ay the Jongsr is T,, the mare
mobils is the C2H boad. For more com-
plex or slower motions the relationships
becoms more complicated.? P

Manisch gf ol mezsured the T, valua
for 2 wide rangs of deuteratad came
pounds®® The data (or bermzldehydzand
nirobenzene are shown below. The ine
equslity of the T, values for the ortko and

pera deuterons is.ia each case due to

0'\"::;0_ e "\C‘O

. L A
0.57
t{ 033 ? 040
2H T,’s (sec)

anisotropic motion of the moleculss, with
the rate about anaxisthroughthe pora and
subitituted carbons bring comiderably
mores rapid than those about the two other
orthozorz! axes. Note that rotation zhous
this particular axis doss not change ths
anzle beiweza the para CH boad aad the
exteraal magneticficld, The T, valus at this

o e

AN ‘-\l-”\("\*wz N "&'\

2H NMR
i ‘ 15 MHz
\

.
—
<

2.2

WHz
L] | ] « v i
15 13 ppm = I e

Figure 2 ?H omrspictra(15.4 MHz) of nor&ricjcl:nune \\"i'..":'had witiout broad e

s band 'H<dzcoupling 1

position is therefore detzrminad only by
the slower motions and is shorter thanthat
for the ort20 deuterons which areaffected
by the rapid mation. il

The relative T, values of the e-and 8-

deuteromathyl groups of maphihalens -
oo 0.0{C*H,), are a dramatic exampls

of the influsnce of steric hindranes oa the
rate of methylgroup reiation, In contrast
to UC, where the relative importance of

dipoledipole and spinvoiation mech. -

anisms must be determinad, the *H dats
may be simply interpretad in tevmms of the
modulation of the quadrupole interaction
by rotation of the metihy] grou s relative to
the maphthaleae framework. Clearly the

-proximal methyl grovps (c.a?) interfere

with each other’s motion, wherens the B
methyl groups appreximate free rotors.

co c¢o, 02:
: ]

M T,'s (s2c) i
The conciusion® from "C nmr that a
high degree of rapid intrezvelic motion
(pscudorotation) occurs ia the amino acid

proline was coaliemsd by H nme TS

masursments on a szriss of deutersted
prolinzs. TheH T, valus of the a~c2:50a
0.27 s=c) was considerzbiv lys than thoss
of the £, 7, and S-deutzroms (0.42, 0.44,
0.40 sz, rapeutively) which had ben
thought to take pae ia rupid ringe .
’ugg"in; b ‘__':_,._‘, o .i...‘._.:
BIOSYNTHETIC MECHANISMS
Just as with organic re=ctions, 7H roer
¢an bz very valuable ia establishing the
pathways by which lecules aresyne

- th=iz=d biologically.? Aa example of the

rriclution of the tzchaigueis thespsetoum
ol grisealulvin shown in Figce 3° The
‘eotpound was producad by growth of - |
Pen cillium urticzz on a medium com |
tain'r ; sodivm acetais-2el, Syrthesiz nfa
serics el derivatives with éifTerent positiors
of devization confirmed the assigaments’

shown in Figure 3. .- .

The metabolic productol the nrinary 2ne
tibiotic nalidixiz acid adminisiered orally
1o 3 monkey was clucidated uging 2H"
nme® Freeze-dried urisewas dissolved in
trilluoroacstic acid and the spectra run
w’uhc:.at festher purificvion. In sepacute
experiments with nalidicic 2234 Cevierared

&t cither the methy) or ethyl Sroup it was
shown that th= princizal metabolie produce
involves. hydrosylation of the mathyl
group. Ths advanmizcs of (he *H ame

. method aie that only rmeaances derved
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Ff-un 3 3H amr spest: (UJ r-t‘-!z. 'Hda:wpla'.) of CHCI, so!uucnq of
o = punl’nl-r..(r\)duun.dbymmhd P urtizaronsodiomacetatad- . .
:'d; 2ed of 2 seriny of speeilizlly dontzetad daxivativas: B, withowt THat

._.. '-.,.. .;‘-.-. . 222d 3, C, §a,52-D,; D, 2-0CHD B, 2-0CH, D, 3-D. Compacison - |
Vel 5 of UH-couplsd and tHdesoupled spreira demonstmesd that the two "
PO IR S p.-..aeeul.-udm:d4ppmm;\wmmp!d PRINLW - e .--‘,Q';-.'
-'_". o T . Y ‘--‘U'. g*"-_' -:..~~".".-‘.'.'\' :

from the ermz:.l mﬂ;and'mobsa-wd

the r:.'-:.sure:! chermical shilt s indicativeof -

the chemicz! pature of the compound, 20d
vo separztion of the product must bemads

to 2void iatzrference with other com-'

pounds pressnt in the physiological fluid.
Jtis exprered that *H nm-will beapplied

to a wids varisty of bmyn&h.u: p:obl'-m
n u-r-u futurs, . i

LiCL OCICAL \1'\33!'!,\\:.5
By far the most [ruitful bio'ogi=al
zpplication of IH nmre has bren to the

proYlem of thr degrer of molzcular

erzanizztion in m=mbranss, The fatey acyl

chains of the phosphalipids iamembranes

- -
mie Nmms = e meien wr aboelatan’a?

153 3

,7.,‘ i

S ! 2.:‘;:_09;:«7"--.

g .Q.- -
b, SR VT ¥ Ty T Sile

t=mperz atuess. in a stats rearmbling I’--.ud
crystals, ie., the chains are fixed at th*c:r-
boxyl end duetc au::b-ent to 2 pssudo-
jonic lattice, but are selatively free ot the

terminal methy! groups, Rapid motion oc-

curs ubout the C-C bonds of the fatty azyl

" chain; its rate and amplituds are expeeted

to vary comsifzrably from onz ead of the
chzinto theother. Inzompicizaveraging of

the ?H quadrupols iateraztion tzks place
in thz case of such 2niotropic motion,and -

partially averaged quadrupole splittings
ars obsurved, These spliu'mg‘ are diceeily
related 1o the depras of molecular order

(paching. relative mrmhers of conclrsed

trezs C-C bond:) 2t s positioa ‘of
al vt

- -
Amiirmenrimm A somal oo . i

- pouad. The

-

bas been studist 12 2ad the ol ¢

- been applizd sussanlulis to }..: plas-

membring of the mnn.-\ Acrz
plasme loidiowii?s A goview of -

techmique has appeaed reezntly i3

The type of spestren obiainsd from

© bial 'gﬂ!mhuaushunm}"'- -
:Th:v:mbﬂmph

swerssns:
ed in palmitie 3¢id-16.16,16/, By zoom.
©7 3 med um supplememad wits .
sexxll quadrzy=
doullet ooserved is dortoa Jlow rgrar -

L moln!:tpu‘.u;a&-mma.t. '
o i ;:ds spesificaliy davteraied a1 diffe—

posiiions along thechaia it was fausd oo
the dagree of order for the fis: tan oot
positions of thzsixtemtcarbon chaia =
relatively high and coaszot, and a2
Comresed rapidly witk position thersal-
v0 2 minimum value atths teemiaal et

- group, This is similarto the behavior s==

in the madsl systems of dipalmitoyis ac
egglzcithin and mw)auf} thsusiac

. thesz modsl systemns as well as providis

the fiest detailed insight into the struor-

- of biclogiez] muuhanuan.‘::rol.-am
. leveld . o Lo,

,.‘ "

A technical probh: encozatzrs2 \-

* 24 nme of mmbruss}s.ms 1sthesien:

fesonance odserved i the conter of ¢
spectruny. This is dee to *H at naw-
abundance in water (0.0135). As :
quadrupole splistings h-:cﬂs'l:rn:r

* ficulties are encoumared with this pmuks

- 10 dymmc range limitatiocs of ursp.

tromstar, By the we ol *Hdepietad wa

L (co. 0.0C015%) this problem &5 minieri:

¢+ The3Rdsplzesd water B3akio malulin:
- por stedics of small molsculss ja M.
", Wwhersthechamizalshifis ol ihepositions
e inieost lie dmto xh..cot\-m«.,- 5

: PROCNOS:S *~ 5 7% L nui T

*H nmr has !’ naby corme n!' az= 1-

,':.us=!ulua. TN " chemintey, yhre' 2z

biology has been well documentad >\
the greater avzilabifice of mulime'=

. SPEClromMers we e now in g po:men

takeadvantage of itsversaiility and aden-
fages, and | expet tha: we shall witasss

I e =piasioa I = F B

.near futura

”)—.. —
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