the case. One possibility is that the photochemical products
are formed in a radiationless transition from the 3(r,7*) state
with a planar enone chromophore to the ground state of the
products with a very different geometry. This, however, seems
unlikely for two reasons. First, the Franck-Condon factors for
such a radiationless transition would be very unfavorable.
Second, chemical evidence suggests that the photochemistry
proceeds on a nanosecond time scale and if this were occurring
from the zeroth vibrational level of the lowest triplet, then the
phosphorescence would have a very short lifetime and a very
low quantum yield; in fact, it would be unobservable. The more
likely possibility is that geometry changes leading to products
occur along pathways that are inaccessible at 77 or 4 K, where
strong phosphorescence is observed, but which are thermally
activated at room temperature, where the photochemistry is
observed.
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Abstract: Ab initio molecular orbital calculations (STO-3G) have been made on large systems in an attempt to simulate the
hydrogen bonding of formamide in the liquid state and in dilute aqueous solutions. Although the relationship between the
model systems (formamide + (H,O)4 molecules representing an aqueous-formamide solution and (formamide)s molecules
representing the liquid state of pure formamide) and the liquid state is crude, the calculations appear to be in reasonable agree-
ment with experimental results and provide insight into the bonding and structure of these solutions not obtainable by experi-

ment.

The importance of hydrogen bonding in biological systems
has led to a number of experimental and theoretical studies of
model compounds capable of participating in the type of hy-
drogen bonding found in these systems. Amides have been
chosen as model systems because they are the simplest mole-
cules that exhibit peptide bonding. Information gained con-
cerning hydrogen bonding in amide and aqueous-amide so-
lutions, therefore, should give insight into the hydrogen-
bonding mechanisms found in the more complex biological
systems. Amides have also been used extensively as solvents

and as solvent components in mixed solvent systems; however,
the bonding and structure of these amide and aqueous-amide
solutions are still not well understood.!

The interpretation of experimental results appears to be
somewhat inconsistent with respect to the relative strength of
amide and amide-water hydrogen bonds.2-> Nuclear magnetic
resonance studies in our laboratory of amide and aqueous-
amide solutions over the complete mole fraction range did not
permit the determination of all of the hydrogen-bond sites on
the amides or their relative importance in solution.®-8
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Table I. Mulliken Populations and Interaction Energies of Formamide and Formamide-Water

Interaction

System C N H(C-H) (0] H{cis) H(trans) energy, kcal
F 5.7619 7.4443 0.9424 8.2917 0.7734 0.7862
F-H,0(1) 5.7427 7.4385 0.9248 8.3003 0.7665 0.7769 6.8
F-H,0(1,2) 5.7240 7.4354 0.9134 8.3112 0.7465 0.7695 13.4 (14.4)¢
F-H>0(1,2,3) 5.7275 7.4656 0.9239 8.3406 0.7204 0.7864 28.4 (23.8)°
F-H,0(1,2,3,4) 5.7357 7.4978 0.9374 8.3572 0.7332 0.7480 36.1(31.6)¢
F-H»0(1,2,34,5) 5.7531 7.5014 0.9010 8.3701 0.7391 0.7519 40.2 (34.6)¢

¢ The numbers in parentheses represent hydrogen bond energies obtained by adding the interaction energies of the respective dimers.
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Figure 1. Calcomp drawing of formamide + (H,0)s system.
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Figure 2. Calcomp drawing of trans formamide dimers.

Theoretical calculations have been made on amide-amide
and amide-water interactions in an attempt to obtain the
number of hydrogen-bond sites for the amide molecules, to
determine the most stable interaction configurations, and to
determine the relative strengths of these hydrogen bonds.”-!°
The ab initio calculations that have been made thus far are
informative; however, they are limited to dimers, a trimer made
of the addition of one water molecule to a formamide dimer,
and a formamide-(H,0)> molecule trimer. Calculations on

B
/
’
/ ‘
/ /
/ ’
’
’
/

Figure 3. Calcomp drawing of cyclic formamide dimer.

larger molecular aggregates are needed to more nearly ap-
proximate the liquid state.

We have performed ab initio molecular orbital calculations
(STO-3G) on the systems formamide + (H-0), and (form-
amide),, where n = 1, 2, 3, 4, 5. These systems more closely
resemble an aqueous-amide or amide solution than any system
previously reported.

Using the formamide geometry determined by x-ray stud-
ies20 and the formamide-water geometries reported by Pull-
man!> as a starting point, the minimum energy positions for
the formamide + (H,0)s system were obtained (Figure 1).
The water molecules (1)-(5) were placed sequentially on
formamide, minimum energy positions being obtained for each
system (i.e., dimer, trimer, tetramer, etc.) in the process of
constructing a totally hydrated formamide molecule. This
involved the reoptimization of the minimum energy positions
of each water molecule and the determination of any interac-
tion between water molecules as each additional water mole-
cule was added. It should be noted, for example, that the po-
sitions of water molecules (2) and (3) in the formamide-
(H»0)s system are different from those in the dimers, form-
amide-H>0(2) and formamide-H,O(3), because of the strong
interaction between the water molecules (2) and (3) in the
formamide-(H>O0)s system. Table I contains the Mulliken
populations and the total interaction energies (hydrogen-bond
energies) for formamide and the formamide-water species.
The pertinent features for the position of each hydrogen-
bonding site are: hydrogen bond length (1) = 1.725 A, (2) =
1.715§ (3) = 1.670 A, (4) = 1.700 A, (5) = 2015A )
(¢HOC = 112.9°), (2) (£ZHOC = 113.5°), (3) (LOHN =
171.0°), (4) (¢OHN = 178.0°), (5) (¢OHC = 145.0°), (1)
(£OHO = 3.0°), (2) (4OHO = 5.0°). Additional information
concerning the minimum energy positions may be obtained
from the authors.

To obtain a comparison between amide and aqueous-amide
solutions, theoretical calculations were made on formamide
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Figure 4. Calcomp drawing of formamide trimer, tetramer, and pentamer.

N
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TRANS- CiS-TRANS

Figure 5. Calcomp drawing of mixed linear-cyclic formamide tetramers
and the trans-cis-trans tetramer.

dimers, trimers, tetramers and a pentamer. The four minimum
energy configurations for the linear trans formamide dimers
are shown in Figure 2. The interaction energies (hydrogen-
bond energies) are (1) = 8.3 keal, (2) = 7.4 kcal, (3) = 8.2
kecal, and (4) = 7.2 kcal. Calculations were also made on the
cyclic dimer shown in Figure 3.

Some calculations were carried out on larger cyclic systems
containing, for example, four formamide molecules but ap-
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PENTAMER

TETRAMER

TRIMER

Table I
Interaction Energy per
energy, H bond,

System keal keal
F-F, 8.28 8.28
F-F-F, 18.49 9.25
F-F-F-F, 30.00 10.00
F-F-F-F-F, 41.69 10.42
(F‘F)cyclic 19.81 9.91
(F-F-F-F)rer 21.22 7.07
(F‘F_F_F)I-lrans 15.00 3,75
(F-F-F-F)i.ai 18.59 4.65

peared to give systems less stable than the cyclic dimer. Be-
cause of the large amount of computational time involved for
these large systems, it was felt to be prudent to consider only
the most stable systems. Using the formamide dimer (1) as the
basic linear structure, calculations were made on a formamide
trimer, tetramer, and pentamer (Figure 4). For the large sys-
tems (i.e., tetramers and pentamer) only hydrogen bond
lengths were optimized to obtain the minimum energy posi-
tions. Calculations were also performed on mixed linear-cyclic
formamide tetramers and a trans-cis-trans tetramer shown
in Figure 5. The data for these systems are shown in Table
IL

The calculations for the formamide and aqueous-formamide
systems provide important information necessary for a better
understanding of the experimental results for these solutions.
The large dielectric constant (117.5 at 5 °C) of formamide,
IR,'3-2l and ESCA?22 data suggest that linear chain association
dominates in the liquid phase of formamide. A comparison of
the interaction energy for the cyclic dimer with that of the trans
linear formamide dimer would suggest that the cyclic dimer
should be dominant. Since only dimer calculations have been
performed previously, it was important to extend the calcula-
tions to larger systems to determine if the discrepancy between

Hinton, Harpool | (Formamide), and Formamide-({H,0), Systems
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Table III. Mulliken Populations for Formamide?

FI F2 F3 F4 F5 F]—(H20)4
O 8.2917
C 5.7619
N 7.4443
H. 0.7734
H, 0.7862
Hch 0.9424
O 8.3147 8.3004
C 5.7665 5.7403
N 7.4772 7.4369
H. 0.7975 0.7633
H, 0.7486 0.7748
Hch 0.9501 0.9296
O 8.3183 8.3234 8.3047
C 5.7671 5.7446 5.7387
N 7.4777 7.4686 7.4360
H¢ 0.7985 0.7870 0.7617
H, 0.7447 0.7384 0.7728
Hch 0.9511 0.9370 0.9289
O 8.3244 8.3293 8.3299 8.3048
C 5.7691 5.7421 5.7397 5.7329
N 7.4862 7.4751 7.4733 7.4339
H. 0.8044 0.7916 0.7883 0.7591
H, 0.7374 0.7273 0.7294 0.7696
Hch 0.9542 0.9372 0.9354 0.9252
O 8.3250 8.3294 8.3334 8.3301 8.3062
C 5.7690 5.7430 5.7409 5.7403 5.7320
N 7.4862 7.4756 7.4741 7.4733 7.4335
H¢ 0.8044 0.7917 0.7896 0.7876 0.7590
H, 0.7370 0.7262 0.7253 0.7286 0.7693
Hcy 0.9543 0.9373 0.9363 0.9350 0.9252
O 8.3572
C 5.7357
N 7.4978
H. 0.7332
H, 0.7480
Hcn 0.9374

@ See Figure 4 for the numbering system for the formamide molecules.

the experimental results and theoretical calculations could be
resolved. The calculations for a formamide trimer, tetramer,
and a pentamer provide an explanation for this apparent in-
consistency between the experimental data and dimer calcu-
lations. The data obtained for the linear dimer, trimer, tetra-
mer, and pentamer show that the energy per hydrogen bond
increases with chain length. Furthermore, a comparison of the
data for the linear tetramer with that of the mixed linear-cyclic
tetramers (1-cis and 1-trans) and the trans-cis-trans (TCT)
tetramer indicates that the linear chains should be more stable
than the mixed linear-cyclic systems. It has been suggested
that the NH-O hydrogen bonding in associated molecules like
formamide and other hydrogen-bonding systems becomes
stronger as the chain of the associated molecules becomes
longer.!9-21.23.24 The theoretical calculations for the linear
dimer, trimer, tetramer, and pentamer strongly support this
concept and the experimental evidence for the dominance of
the linear chains in solution.

The 13C and 'H NMR chemical shifts of the nuclei in
formamide have been obtained as a function of the water mole
fraction at 16 °C.68 Although one must use caution in com-
paring chemical shifts to electron charge densities, it is true,
however, that a number of such direct correlations are to be
found in the literature for '*C and 'H nuclei.?*-*! It is of in-
terest, therefore, to compare the theoretically determined
electron charge densities for the middle formamide molecule
in the pentamer and the formamide molecule completely hy-
drated by water to the '3C and 'H chemical shifts observed in

a pure formamide solution and a very highly diluted formamide
solution. Experimentally it was found that diluting formamide
with water over a water mole fraction range of 0.0 to 0.91
produced a high-field shift in the CH and NH (trans) protons
and a low-field shift in the !>C resonance position. Even with
the stabilizing effect of a hydrogen bond with the water mol-
ecule at position (1), the calculations show that the interaction
energy of water (5) with the CH proton is very small and
probably would not exist at all if a larger basis set were used.
Consequently, a totally hydrated formamide molecule might
be more accurately represented by considering only four water
molecules, at positions 1-4, in the first hydration shell. Ottersen
also finds that formamide molecules participate in four hy-
drogen bonds.*? This does not mean that there are not water
molecules around the C-H position in a real solution because
there certainly are; however, it would appear that hydrogen
bonding at this position is negligible. Assuming this to be
correct, the theoretical charge densities (Table III) are in good
agreement with the chemical shift data both in direction and
relative magnitude. The charge density at the carbon atom
decreases in going from the pentamer to the formamide-
(H,0)4 molecule system (downfield shift) and the charge
density at the CH and NH (trans) protons increases (upfield
shift). It is also observed that the change in charge density is
much less for the CH proton than for the NH (trans) proton.
Experimentally, it was found that the high-field shift of the CH
proton was less than that of the NH (trans) proton.

In conclusion, ab initio calculations have been made on very
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large systems in an attempt to simulate the hydrogen bonding
of formamide in dilute aqueous solution and in the liquid state.
These represent only the first step in the construction of a
theoretical model of these solutions. To obtain a more complete
picture, statistical mechanical and thermodynamic treatments
of these systems would certainly have to be made. Although
the relationship between the model systems and the liquid state
is crude, the results of the calculations seem to be significant
since they do appear to be in reasonable agreement with ex-
perimental results and provide an insight into the bonding and
structure not obtainable by experiment.
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Abstract: The electronic structures of methylenephosphorane PH3CHj; and its protonated adduct PH3;CH 3™ were computed at
the SCF level and with inclusion of electron correlation in the IEPA, CEPA, and PNO-C1 schemes. For the equilibrium dis-
tance Rpc and the force constant kpc we obtained the following values: PH3CH», Rpc(SCF) = 3.16 au (1.67 A), Rpc(CEPA)
=3.19au (1.69 A), kpc(SCF) = 5.90 mdyn/A, and kpc(CEPA) = 5.53 mdyn/A: PH;CH;™, Rpc(SCF) = 3.42 au (1.81 A).
Rpc(CEPA) = 3.45 au (1.83 A), kpc(SCF) = 3.51 mdyn/A, and kpc(CEPA) = 3.2§ mdyn/A. The dipole moment u(SCF)
of PH;CH; is 3.18 D. The proton affinitiy of PH;CH, is in the SCF approximation —272.3 kcal/mol and —263.4, —267.9, and
—269.7 keal/mol in [EPA, CEPA, and PNO-CI, respectively The energy of the highest occupied MO agrees reasonably well
with the lowest ionization energy of (CH3);PCH,. The properties of the molecular orbitals and the total electron density were
investigated by means of contour diagrams and density plots. In agreement with experimental NMR and previous theoretical
results we find the carbanion character in PH3CH; dominating. Artifacts of the Mulliken population analysis and the arbitra-
riness of defining atomic radii are discussed. From a comparison of Rpc and kpc calculated with different basis sets we con-
clude that a large amount of the shift in Rpc and kpc going from PH:CH;* to PH3CH> is due to the carbanion character of
PH;CH; without participation of any d functions. The remaining ertects cannot be simply explained by a d,-p, bond in the

highest occupied MO only.

The electronic structure of phosphorus ylides or alkyli-
dene phosphoranes is generally formulated as a resonance
hybrid of two structures:

N -/ AN /
—P ¢ 5y  —Pp=—=(
/a0 N\ R
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