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The structure of a model lipid (glycerol trivalerate, GTV) has been investigated by 'H and **%C
NMR, and ¢nerev calculations based on classical potertial functions (CPF). The structure of
glycerol—-enier pivot in 3TV is characterized by a dynamic equilibrium between two dominant
conformations. Cne of the two conformations (SA) is simila; to the reported crystal structure of
triglycerides g-tritaurin and g-tricaprin and has the following conformational angles: 9, = 52°, ¢, =
46°,a, = 208°,8, = 156° and v, = 186°. The other conforme: (SB) is similar to the reported cryetai
structure of 8 and v chains in 1,2-dilauroyl-D,L phosphatidylethanolamine and has the conforma-
tional angles: 8, = 287°, 0, = 155°, a, = 195°, 8, = 85° and v, = 194”. The ester groups acquirs a
rigid planar conformation (a,, 8,, 7, = 180°), while the potential energy curves for rotation arouud
the chemical bonds O—-CO-C-C (a,, 8, and v,) indicate a high depree of fiexibility. The hydi«-
carbon chains show 2 distribution of the gauche and trans conformations around C -C. -C -  bonds
with a preference for the frans arrangement by almost (.8 kcal/mol. The conformational picture
of the hydrocarbon chains and glycerol moiety in GTV is very similar to that in phospholipids.
These results indicute ceution in using the reported crystal structure of 1 2dilauroyl-D, L -phos
phatidylethanolamine as the only model for the organization of lipid molecules in biologiral mem.
branes.

L. Introduction

We have recently used quantum chemical theories [1- ?} in conjunciion with the
NMR properties of dipalmitoyl-lecithin in CDCl,, solutions t» conclude that *he three-
dimensionai aiiangement of hydrocarbon chains (8 and ) near the glycerol backhone
ia phospholipids can be divided into two families. In terms ot netations and nomencia-
ture of Sundaralingam [4], the first set (SA) has a ©; value of 60" while the second set
(SB) has 8, value of 180° (fig. 1). The predicted values of ay . 85,7, . v, arz approzi-
mately 180° while B, shows two minima in poteritial energy diagrarns which are ficated

717



73 G. %ovil et al., Conformatior.a! structv e of glycerol trivalerate

H‘C” ag C,,\ -

H/| ,,/ a?

H 013

H,\%al

H H H H;/C' 0
\ / ,,\ / P C" y
P RGICAR R
H—"Cs Cn\ ‘& 7 Cct:)} H
H/ \H \ "\ H/H " on% Sy

]
|
|
H, H,
e| (0"—c1'—C2—C3) 03 (C)""’C:"'C)“O”)

Fig. 1. Molecule of glycercl trivalerate shc wing a, § and v chains and nomenclature and notation
for dihcdial angles and atoms used in this paper. In GTV, a andl iy chains are identical. In phos-
pholipids the « chain is replaced by a golar grouping of approximately the same length as in the
compound under study. Atom numbers ir crease as »nec goes up the chains, The hydrogen atoms
are assigned the .. ¢ numbers as the carb yn atom to which they are attached and distinguished
whenever necessaiy, by H and H . The tor :ion angles are consicered positive for a right-handed
1.tation relative to cis-planar position and measured as illustrated for angles @, and @,
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around 100°and 150°, Further down along the hydrocarbon chains, ihe phospholipid
conformations are characterized by a distrivution uig" (8,4, 7, = 0% u>a, g (£q.
Yo = 300%) and ¢ (B, and v, = 180°%) conformations around C-C—C~C boads [5,6].
This leads to several distinct conformational states in cach set. The stacking of the
hydrocarbon chains is a result of interaction between such chains and may be achieved
by suitable arrangement with respect to angles 83 andy, followed by g*, ¢~ or r arrange-
ments around the C—C—C—C bonds in the two chains. The r arrangement is preferred
over the two g conformations. Conformational energy calculations on phospholipids
have also been made using classical potential {functions (CPF) and the PC1LO meihod
[7-9] and similar conclusions have been reached.

At the time these predictions were made, the crystal structures of two triglycerides
[10,11] were known to exist in conformations represented by SA. S.nce then, the
only crystal structure of a phospholipid has been published [i2] and has been found
to correspond to family SB. Lattice forces in crystals lead to a regular arrangement of
molecules and, although the solid state conformation generally has a low rotential
energy, other structures may coexist in - lutions. Indeed, as already stated such a
situation is indicated by the NMR properties of dipalmitoyi-lecithin in chloroferm
solution [2,13]. We have shown by model building [3,14] that both the structural
units can be packed in lipid bilayers. Further, a conformational equilibrium between
SA and SB may be linked with certain biological properties of biomembranes [14] .

Triglycerides (fig. 1) differ from phospholipids in that the nen-polar hydrocarbon
chain at the a position in the former is replaced by choline or another polar group in
phospholipids. Further, in the case of symmetrically substituted .riglycerides, we do
not have an asymmetric C; carbon atom. The a and vy chain are chemically identical
and, for each conformer, its enantiomerph (each torsional angle with opposite sigr )
is equally probable. While this may lead to some conceptual difficulties in relatirg
conformational features of triglycerides to those of phosphclipids, the numver of
unknown conformational parameters in the former are smaller and the interpret--
tion of experimental results becomes simpler. The equivalence of the enantiomorphic
forms of triglycerides should be kept in mind since henceforth our discussion and
representation of conformational angles will be restricted to the enantiomorph which
corresponds to the biologically important sn (L) stereoisomer of phospholipids.

In this paper we report results on energy calculations and 'H and ’C NMR of
glycerol trivalerate (GTV). The resuits show that the two families of conformations
discussed above for phospholipids are also predicted for triglycerides by CPF calcula-
tions and significant proportions of both exist in CDCl; solutions of GTV.

I1. Results of potential energy calkulations
A. Details of calculations

In the CPF approach, the interaction energy between a non-bonded pair of atoms iz
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partitioned into contributions from vin der Waals (vW), electrostatic (es) and torsional
(tor) potentials. Thus:

V=V (wW)+V(es)+ V(tor)
van der Waals energies are estimated from a 6—12 Lennard-Jones potential. Thus:
V(W) =Vm Z¢(—2 + Z%)

withZ =R/r

where r is interatomic distance between the interacting atoms and the summation is
carned over all pairs of atoms separated by more than two chemical bonds. Vm and R
are |.ennard-Jones parameters which depend on the polarizability, effective number of
polarizable electrons and the van der Waals radii of the interacting atoms {15—-17].
The values for atom-pairs involved in the present calculations are listed in table 1.

Table 1

Lenn:ud-Jones parameters Vm and R for CF'F calculations
Pair? ¥m (kcal/mol) R (A®)
Ceg.. .Cg 0.1197 340
Cg... .Cc 0.1534 3.40
Cg.. .0Og 0.1298 3.22
Cg.. .Oc 0.1648 .22
Cg....H 0.1074 290
Ce....Cc 0.1982 140
Ce....Og 0.1639 - 3.22
Ce....0c 0.2092 3.22
Ce....H 0.1403 2.90
Og....Og 0.1480 3.04
0g....0c 0.1852 3.04
Og....H 0.1186 2.72
Oc....Oc 0.2322 5.04
Oc....H 0.1531 2.712
H....H 0.1222 2.40

4 Subscript ‘g” denotes C or O atom in glycerol or hydrocarbon chains while ‘¢’ denotes a
carboxyl C or O.

‘The values for ¥m depend on the hybridization of the atom and therefore the C and
tJ - .oms in glycerol and fatty acid chains (subscript 2) have been distinguished from
twse in C=0 groups (subject ¢). Electrostatic interactions are estimated from
ncrniopole—monopole approximation by use of charge densities obtained from quan-
tam chemical methods. Torsional potentials are evaluated from empirically assigned
barrier heights and potential symmetries based on experimental or theoretical data of
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related molecules. In accordance with published reports we chose a three-fold poten-
tial: '

V{tor)=VI(1+Cos3¢)

with V1 = 1.0 kcal/mol for C—C—C—C bond and &, and €, rotations and 0.0 kcal/mol
for rotations around the bonds represented by ay, By, ¥4, @3, £ and v [171. A com-
puter program based on the above algorithim and i*s application to nucleotide confor-
mations has been reported eatlier [18]. The program has options to either calculate
energy variations as a function of one (potential eneigy curves) or two neighboring
torsion angles (isaenergy contours}), or to minimize energy by varying all the torsion
angles from 2 starting structure of the molecule.

The number of calculations involved in energy minimization ir a multidimensional
space for GTV has been reduced by assuming values of angles for which sufficient
information is available from related molecules. The O—C bond is the ester (C—0O—
CO-C) fragment has a fairly large double bond character which leads to a rigid planar
structure for the ester group. Indeed, both quantum chemical calculations and crystal
structure data [2.4,7,10-12,17,19] show that the O—C bond in the ester group
acquires a planar conformation with a,, 8, and v, = 180°. It is unlikely that these
,angies differ from the values listed above by more than a few degrees and have been
kept constant in these calculations. It is also known that the hydrocarbon chains in
long-chain fatty acids and lipids show a preference for the trans conformation around
C—C~—C~C bonds, although a certain population of guache states is observed [2,5,6,
20} . Consequently, we have assigned values of 180° for these angles except where the
crystal structure data suggest a guache conformation. ie computational problem is
thus reduced to evaluation of angels ©;, ©3, 0,1, 71, %3, 3 and 75.

The partial charges on atoms other thar those in the ester group are small, Thus,
the term V{es) is important only for potential energy behavior with respect to angles
oy, B, and 7,. These angles are, however, kept constant because of the reasons discuss-
ed above. In order to save computer time, we have made most of our calculations by
neglecting V{es). However, we have checked for several sample cases that the influence
of V(es) on the predicted values of angles &4, @3, a;, B, 71, (ta, B3 and 7, is small.

Two starting points have been used in our calculations. These choices have been
guided by previous energy calculations [1,2,7,9] and crystal structure data [10-12].
In the first case (referred to as SA and a structure which is similar to the wpomd
crystal stmcture of tﬁgyceﬁdes) we have used @1 60° ®3 = 60°, ;= 206°F; = 154",
v1 = 180°, @, = B, = 7, = 180°, a3 = 180°, B3 = 197°, v3=300°, g = s = 180°, y4 = 300",
as=Ps=Ys == Ps= V6= 180°. In the second case (referred to as SB and a structure
8imﬁat to the wpetted crystai stmcture of I,Z-dﬁammyl -DL «phasphatzdyﬁethamiamme}

g 18" ﬁg 23‘ ,?3 }69 fxﬁm igﬁ 64 66 “}"4“' 13& @5 fﬁ Ye “”“(}15 55 = ’Viﬁs
= ISQ , In each casc. we have obtained isoenergy contour maps with respect to (8, ©3)
and- petentiai energy curves for y, By, 71, &a, B3 and 7y,. Finally starting from the low
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erergy regions from these results energy minimization has been carried out to arrive at
the minimum energy conformations of GTV. The results are shown in figs. 2—4 and

table 2.
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Fig. 2. Two-dimensional isoenergy maps in the (8,, 8. ) hyperspace. The energies are cxpressed
in kcal/mol relative to the global minimum, which is marked by a X in each case. The contours
are drawn by joining points of equal energy in the (@,, @,) space. a: with the remaining dihedral
angles as described in the text for SA. b: with ihe remaining dihedral angles corresponding to the
set SB as described in the text. .
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Fig. 3. Potential energy (V) as a fun~tion of angles oy, B,,7,. a: with the remaining torsional
angles as in set SA. b: with the remaining t orsional angles as in set SB. - » s
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Fig. 4. Potential energy curves with respect to a,, 8,, v,. a: with the remaining torsional angles as
in set SA. b: with angles as in set SB.

Table 2

Minimum energy conformations of glycerol trivalerate

Notation e, o, ag B, 7, Energy
CPF theory

SA 52 46 208 156 186 —-22.1

SB 287 155 195 85 194 ~20.7

SC 297 69 170 160 160 —22.2
Observed crystal stiuctures

p-tricaprin 58 50 206 154 172

1,2-dilauroyl-DL-

phosphatidy!-

ethanolamine 310 182 21} 105 190

All angles are in degrees. Energies are in kcal/mol. As seen from ‘ig. 4 the differences in con-
formational energies between various staggered conformers with respect to angles a,, #; and -,
are small, For the structures listed above the minimum energy conformers have («;, 3,, 7,)
values of: SA, 162°, 194°, 300°; SB, 307°, 282°, 147°; 8C, 300°, 60", 60°. The valves of o, £.
and ¥, are restricted to values close tc 180° while t7ans conformers are preterred over the
gauche conformers by about 0.8 kcal/mol for rotations around the C-C--C ~C bonds in the
hydrocarbon chains.
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B. Conformation of the glycerol fragment

The (84, ©3) isoenergy maps with either the SA or SB family of conformations
are characterized by a relatively low barrier of rotation. The general features in: the
two cases are remarkably similar. One observes minimum energy for the 9 staggered
conformations with respect to the two C—C bonds (referred to as local’ minima to
distinguish from the deepest or global min:mumy). The relative energies of the various
conformational minima in the two maps are different. For SA type structures the
global minimum corresponds to (8, 83) = (60°, 60°). Other local minima have
energies of at least 2 kcal/mol. Starting with the conformational angles of set SB one
finds a global minimum at (300°, 180°) and two local minima within 1 kcal/mol locat-
ed at (60°, 180°) and (180°, 180°). Other loca! minima in this case also are significantly
higher in energy.

C. Conformation with respect to ay, B; and v,

The potential energy curves with respect to «,, 8; and vy, are reminiscent of what
has been observed in case of phospholipiis {2,7,9] . With respect to a, and y, the mini-
mum occurs very close to 180°, In each case local minima with &, and 7, values of 60°
are observed. For the set SB, a minimum around a; = 300° is also observed. The beha-
vior with respect to a; and v, thus corresponds to the classical gauche and trans (stag-
gered) conformations of substituted ethanes. In each case, the trans arrangement is
more stable. On the other hand, the behavior of 8, curve is significantly different. In
both cases (SA and SB), the potential energy curves show a doubie minimum with
B values around 100° and 150°. Of the two cases, global minimum occurs at 8, = 160°
for set SA and around 90° for set SB in agreement with the reported crystal structures
of tricaprin {10}, trilaurin [11] and 1,2-dilauroyl-D\.-phosphotidylethanolamine {12].

L. Conformation with respect to ay, 8, and v,

The structure of the carboxylic ester groups has been extensively studied both
experimentally and theoretically {2,4,7-12,19] and values of 180° for these angles
are indicated from these findings. As already stated we have accordingly kept these
angles fixed in our calculations.

E. Conformation with respect to a,, f;3and ¥,

The rotations a3, 85 and y; are charactesized by a low barrier of rotation and they
have only marginal preference for either the gauche or trans conformation. This
obszivation is consistent with expactation for rotation around 2 C—C bond attached
to asp” hybridized carbon. The position of global minimum varies in each case owing
to long range intéracions.
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F. Coenformation ground hydrocarbon chains

The conformations around C—~C—C—C bonds in hydrocarbon chains have been
extensively studied in a recent paper [20]. Both gauche and rrans conformers corre-
spond to local minima but the t7ans states are slightly favored leading to a relatively
extended structure in such ckains:

G. Energy minimizatiorn

Combining the 9 staggered conformations in (®,, ®3) space, and two possible values
of 8, (90° and 150°), and other conformation angles chosen as discussed above, we
have carried out energy minimization with respect to conformational angles 8;, ®5, oy,
B1, 71, @3, B3 and 7y3. We have found three minimum energy conformational siructures
within' 2 kéal/mol of the global minima. While there are several alternative structures
with energies greater than 2 kcal/mol, such structures are not likely to contribute to a
significant extent to the structure in solutions. The three conformers are listed in tatle
2 along with the reported crystal structures for triglyceride and phospholipid {10—12].
It is seen that one of the minimum energy structures (SA) has conformational angles
very close to those found in the crystal structure of §-tricaprin. The other structure
(SB) has conformational angles for the § and vy chain very similar to the observed
crystal structure of 1,2-dilausoyl-DL-phosphatidylethanolamine. The third low energy
structure (SC) corresponds to the global minimum for phospholipids obtained by the
PCILO method [9] but has not been detected so fer in any crystal structure.

“The minimum enérgy values of as, §; and 1v; are likely to be affected by solvent
interactions and crystal forces because of the relatively small conformational pre-
ference around these bonds indicated by theory.

III. Experimental
A. Sample preparation

'NMR experiments have been made on GTV labeled with 'C at carboxyl carbons as
well as on unlabeled material. Both samples were prepared by the condensation of
valeric acid with glycerol. The labeled acid was prepared by slowly pouring Grignard
mixture, n-BuMgBr, on solid ‘30{32 The mixture was treated with concentrate¢ HCl
and then with NaOH and the aqueous phase containing the labeled acid was separated
‘and acidified with HCL. The acid was then washed and dried over CaCl,. The esterifica-
tion was done by refluxing glycerol with valeric acid in xylene solution using naphtha-
lene sulphonic acid as catalyst. After 8 hr, xylene was distilled out and the residue
treated with NaOH and NaHCO,, washed with water and vacuum distilled. The
fraction boiling at 123° C at 0.05 mm has been used for NMR.
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B. NMR measuremoents

The 'H NMR was obtained using a 220 MHz NMR instrument. The '*C NMR was
obtained on a 68 MHz instrument using the pulsed Fourier Transform (FT) technique
and quadrature phise detection. In each case tetramethylsilane (TMS) was used as
int:ma! standard for the measurement of chemical shifts. Positivc 1..mbers denote
dzshielding with respect to TMS. The spectra were recorded in 30% solution in CDCY;
at 20° C, —30° C and in neat liquid. The parameters changed only sligi tly with solvent
and temperature. The results in table 3 give NMR parametors in CDCl solution at
20° C. :

Table 3
NMR parameters of glycerol trivalerate

(a) *H chemical shifts (from tetramethylsilane)

5(H,) = 5273 5(HA) = 4,297 5(HB) = 4152
5(H,,) = 2.327 8(H,,) = 1611 8(H,,) = 1.345
5(H,;) = 0.925 8(H,,) = 2332 5(H,,) = 1.611
6(H,,) = 1.355 5(H,y) = 0925

(b) 1*C chemical shifts (from tetramethylsilane)

5(C,) = 62.179 8(C,) = 69.040 8(C,y) = 173.205
6(Cy,) = 33.804 6(Cyy) = 27034 6(C,s) = 22297
8(C,y) =13.82 6(Cyy) = 172.812 §(C,3) = 33968
8(% 45) =27.034 §(C,,) = 22.297 8(Cy) = 13,732
(c) 'H-"H coupling-constants

7 1,B) =—119 (A,H,) = 43 Y(BH,) = 59

2 /H,-H,y) =150 IY(MH,,-H,) = 144 Y(H,~H,) = 72
L JH,,-H;,) =148 2% (Hy,y—H,,) = 15.1 NH,~Hy,) = 72
(d) :>arboxyl '3C—'H coupling-constants:

%(C ,—HA) = 25 ¢,-HB) = 2.8 Y(C,~-H,) = 34
2J(C‘I“H “) T - 7.1 ’J(Cu"H") T - 7.3 ’J(C""'Hl') = 4-2
Y(C,-H,y) = 44

The repoited values are the sum of the two three-bond coupling-constants (Jop +J'sg") in the
methylene —CH,CH,— (AA'BB’) fragment. The NMR parameters of 'XC and *H in a chain are
identical with the parameters of the corresponding nucleus in y chain.

V. Results of NMR investigations

The ‘H and 'C NMR have been recorded both for unlabeled and '3 labeled GTV.
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Fig. 5. 220 MHz 'H NMR of the alkyl region in glycerol trivalerate (top trace) and valeric acid
(bottom trace). Tke additional structure in the GTV spectrum arises from the non-equivalence of
protons in the g and 4 chains,

Typical spectra are shown in figs. 5—7. Of some interest from the viewp.int of NMR
is the '3C fine structure in the carboxyl region (fig. 7b) which shows all the long range
(two- and three-bond) coupling-constants for & and B carboxyl groups. These coug.ings
also manifest themselves in the proton NMR (fig. 6a) as wings on the resorances from
the unlabeled species and therefore a complete assignment of these co pling-constants
is possible. The values of two- and three-bond 'H—**C coupling-constarts ar - onsi:-
tent with those found for related compounds [21]. These coupling-consiani« ziong
with the proton—proton coupling constaiits allow several important con:lusions 04 the
structure of triglyceride in chloroform solution.

The NMR parameters are listed in table 3.
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Fig. 6. 220 MHz *H NMR of the protons in the glycerol moiety of glycerol trivalerate. The top
spectrum is for the °C enriched sample while the bottom spectrum is for the unlabeled sample.
The sticks show the calculated spectra on the basis of NMR parameters of table 3.

A. Dynamic motions in GTV

For any of the three conformers listed in table 2, the instantaneous environment
of a particular nuclear (*H or '3C) site in the e chain is different from the environ-
ment of the corresponding site in the 4 chain. Further, since the a and v chains have
identical chemical structure, each conformer can be representsd by two equivalent
three-dimensional structures which differ by an exchange of the labels for the two
chains. We observe identical chemical shifts and coupling-constants for a nucleus in
the o chain and the corresponding nucleus in the v chain. In other words NMR par-
meters for nuclear pairs such as (Cy, C3), (C,1, C31)(Cyz, C3), (Hys, Hyp) etc. are
identical. This indicates that the a and y chains flip at a rate which is fast on the NMR
time-scale and one observes an average of NMR signals from the two equivalent
structures discussed above (flip rates greater than apnrox. 10%sec). It may also be
noted that if more than one conformer exists in solution, then there are fast internal
rotations around the appropriate chemical bonds such that the observed NMR
swectrum is time-averaged over the rotational isomers. The two molecular motions
(chain flips and internal rotations) are of fundamental importance in the interpreta-

tion of the NMR properties of GTV discussed below and lead to an ‘apparent sym-
metry” in the molecule. Some of the NMR signals from thie  chain are resolved from
the corresponding signals in o and v chains showing a non-equivalent phymch&mleai
environment of nuclear sites in the § chain, even m the presence of motions dzscussed
above,

The molecular mechanisms responsible for chain ﬁlppmg and averagmg over
cmfamzatwnai states around various cshemmai boads are hk'*iy tO be very sumlax
re spumbie for bath types of averaging, For the wnvenwnce af me falmwmg mscu&
sion, we find it useful to distinguish between the two types of averaging
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B. Structure with respect to (©,, 03}

The conformational structure with respect to these two rotations is the most
important factor in deciding the overall Lipid structure since these two angles control
the relative orientation of the « and § chains both in triglycerides and phosphohpxds
Information on these angles can be obtained by lookirg at the ‘H NMR of the giyceroi
frag.nent (the 5-spin system consisting of protons on C4, C, and C;). Averaging over
chain flipping and internal rotations leads to a NMR spectrum which corresponds to a
A,B,X system with H, and H; ' being identical to H; and H, ', respectively, but pairs
(H,, H, ") and (H,, H; ) are non-equivalent. Analysis of the spectra by the standard
LAOCOON method {[22] gives the chemical shifts and coupling-constants involving
protons A,B and X. The calculated and observed 'H spectra of the glycerol fragment
are shown in fig. 6. While the assignment of X to H; is straightforward, it is difficult to
decide whether the pair (H, , H3) correspond to A and (H,’H,") to B (referred to as
assignment 1), or vice versa (assignment 2). For this reason, no assignments have been
made for A and B in table 3.

The observed NMR pattern of the S proton spins in the glycerol fragment can be
explained in terms of chain flipping and conformational equilibria through the help
of Newman projection diagrams for the three staggered structures (¢*, ¢ and g7) arouad
the two C—C bonds (0, and 8,) (fig. 8). There is a very interesting vicinal relationship
batween the projections with respect to ©; and ©;, under the conditions of rapid
chain flips (which result in equivalence of atom-pairs (O34, Oy4) and (C,, C3)). Under
tt ese conditions, one finds that a g~ prijection with respect to @, is identical to a g*
pru_>ction with respect to €, (labeled 1). Similarly, a g* projection with respect tc
€, is .dentical to a g™ projec.ion with re:pect to @, (1abeled III). The ¢ projections
with respect to the two angles are identic:al (1abeled II). If there was a free rotation
around the two C—C bonds or if the thres staggered forms were equally populated
then one expects an equivalence of proto1 pairs (H,, H; ) and (H,, H;"). A non-equiva-
lence in these geminal protons indicates onformational preferences around these
bonds.

The threc-bond proton—proton couplir g-constants, J(H,, H,;) and J'(H, ’, H,), for
each of the three structures (I, II and III) i1 fig. 8 can e estimated using rules gover-
ing the influence of electronegative sutstit: ients on proton pairs in gauche and trans
relationships {13,23]. On this basis the val ies of component coupling-constants are
given in fig. 8. The values of these empirica ly derived component coupling-constants
are consistent with those experimentaily fo :nd in systems where bond torsion angles
are known precisely [23—25]. While there : s difficulty in assigning the two magneti-
cally non-equivalent protons [H and H'} in the NMR spectra to A and B above, it is
evident that the observed results cannot be: ‘econciled with the presence of a single
confermation in solutions. The observed c -fstal structure of f-tricaprin, or the theore-
tically calculated low energy conformer S4, has a g* conformation with respect to
beih ©, and ©;. Such a structure leads to ¢ ;ual contributions from projections | and
1, The expected values for the couphng: onstants for this structure are therefore
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Fig. 8. Newman projections around the bonds ©, and ©, in GTV and values of component
coupling-constants. The projections with respect to ©, and ©, ure related and the projections

can be transformed by simply putting ®, = —©, and replacing atoms cn v chain by corresponding
atoms on « chain.

3.2 Hz forJ and 7.2 Hz forJ ' On the other hand, structure SB, or the crystal struc-
ture conformation of dilauroyl phosphatiydylethanolamine, has a g~ conformation
with respect to 8; and ¢ conformation with respect to &; (projections I and I
respectively). The expected vaiues of J and J 'for SB are, therefore, 6.1 and 2.7 Hz,
respectively, The third low energy structure (SC) predicted by theory has both o and
7 chains as depicted in projection I and the coupling-constants expected from this
structure are 0.6 and 2.7 Hz. The observed values of coupling-constants are J = 4.3 Hz
and J'= 59 Hz (assignment 1) orJ = 5.9 Hz and J "= 4.3 Hz (assignment 2). In either
case, the experimental data indicates that the amount of SC is nagligible, and signifi-
cant populations of SA and SB are present. Using standard equations relating the
observed time-averaged coupling constants to the fractional populations of SA and SB
and the coupling-constants for these structures, one can calculate the relative popula-
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tions of SA and SB. Assigminent 1 gives SA : SB 70 : 30 while the alternative assign-
ment gives SA : SB 30 : 70. Knowledge of proper assignment can help to determine
which of the two forms is more populated in CDCl; solutions. However, the impor-
tant and unquestionable fact which emerges from these results is that significant
amounts of both SA and SB are present while SC is absent in solutions. It is possible
to determine th= actual assignment of A and B protons using three-bond coupling-
coastants between C; and the two protons under discussion. This in turn requires
labeling at the C, position.

1t may be pouited out that the above analysis of NMR results is based on two
reasonable assumptiors: (1) that the values of component coupling-constants can be
predicted with cor.fidence using the rules used here, and (2) that only the three low
energy conformers predicted by CPF theory are important in the conformational
equilibria. Errors in the first assumption can lead to differences of a few per cent in
the estimated population distributions but will not invalidate the important conclu-
sion made here that structures SA an: SB coexist in solutions with significant
populations while th2 population of SC is small. Support for the second assumption
comes from energy calculations and reported crystal structures. However, alternative
interpretations of the NMR results are possible if other conformers in the (8, 8,)
space are present in significant groporiion in solutions.

0 0 0
Cy = Can = Cu/
|
H, C ’
3 ~ //Hl '\\\ o H’ H, \\\ ,/ Hl
'j a, ﬂ! 71
| i :
i t 1
CZ Cx cl
al(C2—C1“‘O"—C“) p;‘cl—c:—On_Cn) 7](C3_C;—on—Cn;

Fig. 9. Newman vrojections with respect to bonds a,, #, and v, slowing stereochemical relation-
ship between var. »us atoms.

B. Structure with respect to «y, , and v,

Information about these angles may be obtained using the three-bond coupling-
constants involving carboxyl '3C and 'H (A,B or H,) as indicated in fig. 9. These
coupling-constants are obtained by combining information from the 'H and *C NMR
ot enriched GT*/. Figure 7b s10ws the proton undecoupled **C NMR mn the carboxyl
region for the enriched sample of glye »rol trivalerate. Because of chain flipping the &
and vy carboxyl groups resonate at a common frequency but the 8 C=0 resonates at a
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slightly higher field. The hyperfine splittings f the two group of lines contain infor-
mation on all the two- and three-bond 'H-'%" coupling-constants involving carboxyl
13C. The complete assignment is aided by the proton spectrum of the labeled GTV.
For example, in the A,B,X spectrum of the glycerol fragment (fig. 6b), the °C satel-
lites appear as wings of the *C component and the three-bond coupling-constants
with these protons can be estimated. It is found that the protons A and B show slightly
different coupling-constants. In a similar fashion the remaining two- and three-bond
coupling-constants can be estimated from a comparison of the proton and C NMR
of the labeled and unlabeled samples. A comparison of the calculated and observud
NMR spectra with the coupling-constants thus estimated is shown in figs. 6 and 7b.

The magnitudes of three-bond - arboxyl 13C_.'H coupling-constants and their
stereochemical dependence has been studied recently [26,27]. Lemieux et al. [26]
have obtained a calibration curve from which dihedral angles can be estimated for a2
rigid conformation. Esperson and Martin [27] have estiniated Jg = 1.3 and Jr =9 3
Hz for amino acids. Gualitatively, it is clear that the observed three-bond « carboxy!
13C_1H coupling-constants for the protons A and B of 2.5 and 2.8 Hz are consistent
with values of tccsion anajes a; and ¥, close to 180°. Such a conformation places both
the pre”ons in a situation wiere the two covplings are expected to be low and equal.
As seen from fig, 9, large deviations from this angle will result in unequal and signifi-
cantly different values for the three-bond coupling-constants. We have examined
several possibilities to explain the slightly larger observed J values than the values of
1.3 Hz expected for @, and 7, of 180° on the basis of observed values in amino acids
[27] . Using values of a; and v, piedicted by CPF theory for structures SA and SB and
time-averaging does nnt predict values very different from the estimates for oy and
v, = 180°. On the other hand a contribution of approximately 16% from conforma-
tional states having a, and v, of 60° (the other low energy regions predicted by theory)
can explain the observed results quantitatively. It may however be pointed out that at
this stage information on the substituent effects .n three-bond 'H~"*C coupling-
constants is not yet available, and for this reason one cannot derive precise quantifa-
tive information from such data, At the same time, it is clear that the time-averaged
values of @, and v, are not very different from 180°.

Conclusions regarding 2, from NMR data are less definitive since there * only one
three-bond coupling-constants — AC,; —H,) which can be used 1 » follow the stereochem-
istry around this bond. From Lemieux curve [26],a couphngcmstam of 3.4 Hz corre-
sponds 1o a dihedral angle (Hg»—-Cr-Ou-Cu) of £ 30° or £ 140°, These values corre-
spond to 4 valuesof §;: 90°, 150°, 260° and 340°. Conformations with §; values of
260° or 340° are sterically hindered and such states are unlikely to occur. On the other
hand, B; values of 90° and 150° correspond very ciosely to the two minimum energy
conformations SA and 5B predisted by theory. In some of the previously reported
limd models a B value of 120° has been suggested, Such a value is equivalent to a
dikiedral angle of 0° along the Hy;—C,—0,;~C,; pathway /fig. 9). The value of coupling:
‘constant expected from such models (6—7 Hz) is considerably higher than the experi-
‘mental value of 3.4 Hz.
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C. Conformational angles @, B, 72, % B3, 73

No information about these rotations can be obtained from the coupling-constant
data.

a, = 80° {gauche) a, = 190° (trans}

+1g. 10. Projection diagrams for a,. The two gauche forms are similar. In the NMR specirum one
measures the time-average of the sum of couplings between protons on vicinal catbon atoms
labeled A, A’, B and B’ and referred to in text as J + J'. Similar projection disgrams can be drawn for
staggered conformations around oth:r C—C—C—C bonds in the hydrocarbon chains of GTV,

D. Structiure with respect 10 aq, faund yq

It is possible to obcain information on these bond rotations from three-bond
'H-'H coupling-constants, via the H-C—C—H pathway, as well as from the three-
bond '*C 'H coupling-constants via the C—C—C~H (fig. 10) pathway. Significant
differences in chemical shifts are noticed as one goes along the hydrocarbon chains
and all 4 grovps of methylene and methyl resonances are well separated from one
another at 220 MHz. As is expected the chcmical shifts for the 4 methylene reson-
anc.s for a and y chains are identical but differ slightly for the g8 chain. The spectra
are fairly complex but analyzable, particularly since one can use the spectrum of
valeric acid as a guide. It is found that each of the methylene group resonances is a
supeiimposition of two components, one from the a and 4 chains and the other
frem the § chain. The two groups have slightly Jdiffersnt chemical shifts and coupling-
constants. The 4 protons in the CH,—CH, fragment form a AA'BB’ type component
of a 9.spin system arising from the methylene and methyl protons in each chain.
The value cf the sum of the two three-bond 'H—'H coupling-constants (J +J ) with
respect to the bonds a, and 4 could be obtained since the 8 and a protons of the
different methylene groups are sutficiently separated. The values of -hese coupling-
constants were found to be 14.8 Hz in the # chain and 15.0 Hz in the a chain. These
values are very close to the measured values for valeric acid (14.9 Hz). Using the
electronegative rules {13,22] one expectsJ +J 'to be 18.1 Hz (fig. 10) in a CH,—CH,
fragment if the conformation with respect to the C—C~C—C bond is trans (o, or 4 =
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180%) and 10.2 Hz if the conformation is gauche or zauche {ag or B4 = 60° or 300°).
In absence of any conformational preference one expects equal (33%) contributions
from the guache, trans and guache’ conformer leading to a time-averaged value of '2.2
Hz forJ + J " The observed values of v +J "correspond to a 58% population of frans
confoimer with respect to f, and 60% population with respect to a,. The values of
three-bond catboxyl *C—"H coupling-constants give similar results. For a trans con
former the expected three-bond *C—'H coupling-cons:ants are 1.3 and 1.3 Hz [2 z}
while the values are 1.3 and 9.8 Hz for gauche or gauche’ conformers. The observed
valugs in § and 7y chains (4.2 and 4.4 Hz) indicate presence of approximately 69% of
trans conformer for rotations represented by oy, 84 and y4. These resulis therefore
indicate a definite preference for the frans arrangement along the C—~C—-C—C bonds
with a free energy difference of about 800 cal/inol. Such a free eneryy difference is
comparable to the observed values in liquid n-pentane [28,29], polythen: [20] and
phospholipids [5].

E. Structure with respect to as, s and vs

Again information on these rotations can be obtained from the three-bond coupl-
ing-constants in the methylene fragments. As in the case of a4 and §; the value of the
observed J +J 'is 15.2 Hz indicating a population of 62% for the trans siructure with
respect to these rotations.

F. Structure with respect to ag, e, Y6

The terminal methyl proton resonance for ¢, § and y chains shows a single triplet
with a coupling-constant of 7.2 Hz, This value is very close to the expected value of
7.5 Hz [13] for equal gopulations of the three staggered forms around these bonds.

V. Couclusions

The NMR and energy calculations presented here lead to the following conclusions
for the conformation of GTV. (1) One finds two families of conformations, SA and
8B, for glycerol fragment in GTV characterized by (g%, £") end (g7, ¢) arrangement
with respect to angles (@4, ©;). The existence of the two families of conformations
is therefore a common property of GTV and phospholipids. (2) The torsional angles
a4 and v are close to 180° while g, is close to 150° in SA and 85° in SB. (3) The
hydrocarbon chains in GTV can acquire both gauche and rans conformation with
respect to C—C—~C—C bonds but the fruns conforriers are preferred by almos: 0.8
kcal/mol. (4) A close similarity between the confcrmations of phospholipids and
triglycerides in CDCl; solutions is indicated, contrary to the inferences which may
be drawn from the limited data on crystal structures of these lipids.
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