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ABSTRACT: Nucleus independent chemical shifts (NICS) for
conjugated polyynes H(C=C),H are reported (n = 2—10). There is
marked shielding within the carbon chain, gradually decreasing with
radial distance and transitioning to a weakly deshielding region at
2.5-3.0 A, as well as other trends. Interestingly, the magnitude of
the shielding is only very weakly dependent upon the chain length or
distance from the termini. '"H and *C NMR chemical shifts are also

computed and the trends analyzed.

In previous generations, chemists were taught that “ring
currents” were largely responsible for NMR shielding and
deshielding phenomena associated with benzene, ethyne
(acetylene), and derivatives thereof."” The models traditionally
employed are depicted in Figure 1. They offered intuitively
plausible rationales for the deshielding of benzene protons (I)
and the shielding of ethyne protons (II), as well as effects in
certain types of derivatives. For example, two of the sp® protons
of [7]paracyclophane (1), in which the methylene chain must
closely hug the 7z face of the p-phenylene moiety, exhibit
markedly upfield 'H NMR signals at —0.3 to —0.9 ppm (5,
CCl,).” These models also gained currency in their apparent
applicability to nonbenzenoid aromatic systems, such as 9,10-
dihydropyrenes.* They also begged the question as to possible
cumulative effects in one-dimensional arrays, such as [nn]-
paracyclophanes and conjugated polyynes.

However, subsequent computational studies have shown
models I and II to be erroneous.’ These feature calculations and
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Figure 1. Classical ring-current-based shielding/deshielding models for
benzene (I) and ethyne (II)."”
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analyses of “nucleus independent chemical shifts” or “NICS”
associated with the three-dimensional space surrounding
benzene and ethyne. The resulting chemical shift “maps” or
grid plots, depicted in Figure 2, show pronounced shielding
regions (red spheres) (1) within and above the benzene ring and
(2) within the HC=CH linkage or along immediately adjacent
vectors.
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Figure 2. Computed NICS about benzene (IIT) and ethyne (IV), with
red and green spheres indicating shielding and deshielding, respectively.
The data are from ref 5, which can be consulted for the scales
represented by the spheres.

The deshielding regions (green spheres) are comparatively
modest, occurring at significant radial extensions from the
benzene ring and HC=CH axis. The patterns are clearly
inconsistent with ring current models.’

We have had a long-standing interest in the physical and
chemical properties of extended polyynes that are capped on one
or both termini by transition metal fragments.”~” These have the
general formula L,M(C=C),Z (Z = SiR;, H) and L,M(C=
C),ML,. A typical example of the latter is given in Figure 3 ( 2).5%
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These have more recently been expanded to include rotaxanes
such as 3.
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Figure 3. Representative diplatinum polyynediyl complexes.

The interpretation of the NMR properties of such
assemblies—which also have been of interest in several other
research groups'’~'*—requires that the shielding and deshield-
ing regions, and their attendant magnitudes, of organic polyynes
be precisely defined. Surprisingly, to our knowledge, there have
been no NICS studies of simple acyclic 1,3-diynes, 1,3,5-triynes,
or any higher homologues.'* In this letter, this conspicuous gap
is addressed for the doubly terminal organic polyynes H(C=
C),H (n = 2—-10).

The NICS values for the polyynes H(C=C),H were
computed using standard protocols.”> The full results are
presented in the Supporting Information (SI), and data for three
representative substrates are depicted in Figure 4. As is easily
seen, there is marked shielding (1) within and (2) proximal to
the sp carbon chain or (C=C),, segment. This tails off with the
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Figure 4. Representative NICS grid plots for ethyne and the diterminal
polyynes H(C=C),H (n = 2—10). The distances are not to scale. The
grid points on the y axis represent increments of 0.50 A, and those on
the x axis represent increments of 1.19—1.21 or 1.35—1.37 A (for C=C
and =C—C= linkages, respectively) or 1.06—1.11 A (for C—H
linkages and points extending further out from the carbon chain).
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radial distance, and eventually a very slightly deshielded region is
reached (2.5-3.0 A).

The most important conclusion is that the magnitude of the
shielding at any distance is essentially independent of the sp carbon
chain length and the position along the chain. In other words, one
encounters nearly the same NICS value regardless of the number
of triple bonds or exact location along the (C=C), segment.
There are no additive or multiplicative effects.

The same holds as the one-dimensional vectors defined by or
parallel to the sp carbon chains are extended. As shown in Figure
4, the shielding found at the hydrogen atoms is markedly
attenuated. However, at radial extensions of 0.5—2.0 A, the
diminution is not as pronounced. When grid points further out
on the H(C=C),H axes are sampled, the degree of shielding
gradually decreases. This same trend is found when the grid is
radially extended.

These results indicate that, in rotaxanes derived from organic
polyynes, the 'H and "C NMR chemical shifts of the
mechanically linked macrocycles are not directly affected by
the sp carbon chain lengths. However, these chemical shifts will
be influenced by the distances of the macrocycle nuclei from the
end groups, which will, in turn, be affected by the sp carbon
chain length. This will be the principal origin of any chemical
shift trends as the sp carbon chain lengths are varied.

In the course of calculating the NICS grids for the diterminal
polyynes H(C=C),H, chemical shifts for the hydrogen and
carbon atoms were also obtained. Although such compounds
become unstable at moderate chain lengths, some experimental
data are available'“™"” and are presented in Figures 5 and 6. For

[-] [-] [-1 [-] [-] [-] [-] -1 [ [-]
C20 65.68 . X .

65.92 65.41 66.10 6512 6529 64.86 66.14 73.46 71.05
T e M
4 L 2 3 4 5 6 7 8 9 10 b
1.360 [-]
[-] [-] [-] [ [-] [-] [-] [-]
C18 65.86 6555 66.05 65.19 66.21 64.93 66.11 73.50 70.99
byt LA 2N 2 N SR S 2 2
4 : 2 3 4 5 6 7 8 9 2
1.359 [-]
[-1 [-] [-] [-] [-] -] [-] [-1
C16 70.92 7341 6588 64.90 66.09 64.25 6583 65.56
e e A
4 L 2 3 4 5 6 7 8 b
1.352 [-]
[-] [-] [-] [-] [-] [-] [-]
C14 70.78 73.44 6579 64.98 6593 6535 65.63
R A S
A t 2 3 4 5 6 7 'Iz
1.344 []
04D 620 4O 040 020
[67.8] [68.2] [62.0] [62.0] [61.6] [60.8] [71.78]
C12 70.62__73.55_65.69_65.08_ 65.74_65.39 C2 7661
+2.93 |, -7.86 | -0.61 | +0.66 |, -0.35
TR TR D R T R
T T, ‘==
4 1 2 3 4 5 6 4 12
1.336 [2.16] 1.323 [1.91]
+1.20 670 —-0.10 +0.20 +0.70
[67.2] [68.4] [61.7] [61.6] [60.8] [69.3] [71.0]
C10 70.44__73.71_65.52_65.13_65.42 Ca  69.04__73.87
; W 327 § 819 § 030 { 4029 § ¥ +483 §
H :
L T
4 A 2
1332[212] z 3 N s 2 1.245 [2.03] 2
+010  -7.00 -0.40
[68.3] [68.4] [61.4] [61.0] -1 -1 -1
Cs 70.13_73.94_6536_ 65.18 Ce 69.75 7412 64.85
+381 |, -8.58 | -0.18
L TR TR PR
T T, T — =
4 1 2 3 4 4 1 2 3 2
1.318 [2.14] 1.292 [2.14]

Figure 5. Computed 'H and *C NMR chemical shifts of ethyne and
the diterminal polyynes H(C=C),H vs TMS and (when available)
experimental values [in brackets].
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Figure 6. Computed 'H NMR chemical shifts for ethyne and the
diterminal polyynes H(C=C),H vs TMS (blue rhomb) and
experimental values (open circle).

the calculated values, there is a monotonic downfield shift from &
1.245 to 1.360 as n is extended from 2 (1,3-butadiyne) to 10
(1,3,5,7,9,11,13,15,17,19-eicosadecayne). From the slope in
Figure 6, the value for eicosadecayne (5 1.360) appears to be
close to an asymptotic limit, such that there would be little
change in still longer polyynes. For the experimental values (1 =
2—6), there is a general downfield trend, but—perhaps due to
the different solvents employed'®~"* and experimental error—
the shifts are very close for n = 3—6 (5 2.12 to 2.16).

As can readily be seen in Figure 6, the 'H chemical shift
computed for ethyne is downfield from that of 1,3-butadiyne, as
opposed to the upfield value that would have been extrapolated
from the other data points. This discontinuity is not necessarily
surprising as ethyne (with n = 1) is not a polyyne. There is a
hydrogen atom on the opposite end of the triple bond from the
HC= group, as opposed to an sp carbon atom in the higher
homologues. However, the experimental 'H NMR chemical
shift of ethyne (6 1.91 ppm in CDCl, in two studies)'® is upfield
of those of 1,3-butadiyne and 1,3,5-hexatriyne. In the absence of
any experimental artifact, it must be concluded that the
computations fail to model this one datum.”’ Nonetheless, a
variety of benchmarking computations are provided in the SI
that validate the methodology.

We were curious as to whether the preceding 'H NMR
chemical shift trends might be manifested in monoterminal
conjugated polyynes R(C=C),H, which also become less stable
at higher chain lengths.”' The most extensive series of data we
could locate was for the series Tr*(C=C),H (4), where Tr*
denotes a hexakls(t butyl)-substituted trityl group, as shown in
Figure 7."'® Tykwinski could obtain "H NMR spectra for n = 1—
7. However, more than one solvent was employed, complicating
comparisons (n, 6(ppm)/solvent: 1, 2.59/CDCl; 2, 2.10/
CDCl;; 3, 2.07/CDCly; 4, 2.07/CDCly; S, 2.26/CD,Cl,; 6,
2.11/CDCly; 7,2.23/CD,CL,))." " A less extensive series of aryl
substituted terminal polyynes (5, Figure 7) exhibited a nicely
monotonic upfield trend as n increased from 1 to 4 (6(ppm)/
CDCl, 3.20, 2.54, 2.31, 2.23).”"

The "*C NMR chemical shifts computed for H{C=C),H are
plotted in Figure 8. As n is extended from 2 to 10, the chemical
shifts of the terminal carbon atoms (C1) shift monotonically to
lower fields.
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Figure 8. Computed *C NMR chemical shifts for ethyne and the
diterminal polyynes H(C=C),H (HC1=C2—C3=C4--) vs TMS as
a function of n (green square = C1; open circle = C2; blue thomb = C3;
black triangle = C4; black plus sign = C5; orange triangle = C6; purple
filled circle = C7; black cross = C8).

As was seen with the computed 'H NMR chemical shifts,
ethyne (n = 1) presents an exception to the monotonic trend
exhibited by the higher homologues. The shift computed for C2
of 1,3-butadiyne also slightly deviates from an analogous
monotonic trend. Interestingly, the chemical shifts of the “odd
numbered carbon atoms” (C1, C3, CS, etc.) move downfield
with increasing chain length, but those of the “even numbered
carbon atoms” (C2, C4, etc.) move upfield. Overall, the
chemical shift trends are in general but not perfect agreement
with those found experimentally for 1,3-butadiyne, 1,3,5,7-
octatetrayne, 1,3,5,7,9-decapentayne, and 1,3,5,7,9,11-dodeca-
hexayne (n = 2, 4, 5, 6; Figure S).

We were also curious as to whether the preceding *C NMR
chemical shift trends might be manifested in nonterminal
organic conjugated polyynes. Hirsch has characterized a series of
polyynes Ar*(C=C),Ar* (6; n =6, 8, 10) in which Ar* denotes
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Figure 9. Correlation of >*C NMR chemical shifts trends computed for H{C=C),H (blue diamond) vs those observed experimentally for Ar*(C=
C),Ar* (6; open circle; acetone-dy). The C7/C8 and C9/C10 signals of Ar*(C=C),,Ar* were reported as overlapping singlets at § 63.97 and 63.84

ppm, respectively.

a dendrimer like aryl end group (Figure 7)."'* As summarized in
Figure 9, his experimental data (recorded in acetone-dg)
strikingly mirror the computed trends, providing further
validation of the methodology. Tykwinski also studied an
extensive series of polyynes Tr*(C=C),Tr* derived from the
oxidative coupling of 4''” and conducted '*C labeling studies
with other substrates to secure NMR assignments.22 However,
the correlations with his *C NMR spectra (n = 4, 6, 8, 10;
recorded in CDCl;) were weaker. In this context, it should be
noted that the *C NMR signals of long polyynes can be
challenging to observe for a number of well-understood reasons,
including decreased solubility with chain length, rendering the
chemical shifts subject to greater experimental error. Also, as
noted by a reviewer, the non-hydrogen end groups introduce
electronic interactions with the sp carbon chain that are not
represented in our calculations.

In conclusion, the NICS grids associated with the doubly
terminal conjugated polyynes H(C=C),H do not exhibit any
special additive or multiplicative effects or vestiges of the old ring
current model (Figure 1). In other words, the degrees of
shielding or deshielding encountered in a radial direction
perpendicular to the (C=C), linkages are essentially identical,
irrespective of the number of the triple bonds and the position or
location along the (C=C), linkages. This has significant
implications for interpreting the NMR data of conjugated
polyynes that engage in mechanical bonding, such as rotaxanes.
Finally, the data from these calculations can also be useful in
assigning the "*C NMR signals of conjugated polyynes.
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