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Table I. 13C NMR Spectra of Lithium Cyanocuprates
cuprates® solvent? temp, °C Cl¢ C2 (ox} C4 CN
PhCu(}*CN)Li THF-d -78 166.05, s 140.94 126.08 123.87 148.50
THF-ds/HMPA -78 168.40, d (J = 24.2 Hz) 141.22 125.80 123.18 145.41
THF-dg/HMPA/12-C-4 -78 168.38, d (J = 24.2 Hz) 141.21 125.80  123.19 145.43
THF-d; -100 165.97,d (J = 12.7 Hz) 140.92 126.10 12390  148.33
THF-dsg/HMPA -100 168.33,d (J = 23.7 Hz) 141.19 125.83 123.23 145.38
THF-d; -110 165.93,d (J = 23.3 Hz) 140.91 126.18 123.93 148.25
ether-d;, -78 166.03 (br s) 140.88 125.87 123.61 149.70
ether-d,o/JHMPA ~78 168.70, d (J = 24.2 Hz) 141.18 125.60 122.90 145.60
ether-d,o/HMPA/12-C-4 -78 168.66, d (J = 23.7 Hz) 141.17 125.60  122.89 145.61
ether-d;, -100 165.99, d (J = 24.2 Hz) 140.82 125.85 123.57 149.42
CH,CH,Cu(**CN)Li THF-d; -78 1.64,d (J = 21.6 Hz) 15.54 149.11
THF-ds/HMPA/12-C-4 -78 1.92,d (J = 22.0 Hz) 16.05 146.47
THF-d; -100 1.74,d (J = 22.0 Hz) 15.65 148.96
ether-d)g -78 1.85,s 15.32 150.86
ether-d,o/HMPA -78 2.04,d (J = 22.0 Hz) 15.92 146.76
ether-d,o/HMPA/12-C-4 -78 2.05,d (J = 21.6 Hz) 15.93 146.76
ether-d,q -100 1.89,d (J =208 Hz) 1547 150.10
ether-d;o/HMPA -100 2.17,d (J = 21.6 Hz) 16.04 146.69
ether-dio/HMPA/12-C-4  -100 217.d (J=216Hz)  16.03 146.67
BCH,Cu("CN)Li THF-d, -78 -12.85, s 149.34
THF-ds/HMPA -78 -12.36,d (J = 22.0 Hz) 146.48, d
THF-dg/HMPA/12-C-4 -78  -12.42,d (J = 21.6 Hz) 146.56, d
THF-d; -100 -12.60 (brs) 149.13
THF-ds/HMPA -100 -12.04,d (J = 21.6 Hz) 146.36, d
THF-d; -110 -12.46, d (J = 20.8 Hz) 148.97,d
CH,Cu("*CN)Li ether-d; -78 -12.58, s 151.01
ether-d,o/HMPA -78 -11.97,d (J = 21.6 Hz) 146.76
ether-dyo/ HMPA /12-C-4 -78  -1193.d (J = 21.6 Hz) 146.77
ether-d;, -100 -12.25 (br s) 150.20
ether-dy -110  -12.10,d (J = 12.3 Hz) 149.95
ether-dy -120  -11.93,d (J = 21.6 H2) 149.78

“In the cases of EtCu(CN)Li and of MeCu(CN)Li in THF-dg, the Li is SLi. To 3 mL of THF-d; or ether-d,, were added 312 uL of HMPA and

100 uL of 12-C-4.

¢Chemical shifts are referenced to the § 67.391 line in the spectrum of THF-d; and the 14.707 ppm line in the spectrum of

ether-d,o. J values are £0.04 Hz. The spectra were obtained on a Bruker AM360 NMR spectrometer.

as R,CuLi-LiCN. The lack of coupling between 3CN and C1
in R,CuLi-Li’*CN also mitigates against the higher order for-
mulation, although exchange may be responsible for the lack of
coupling in these cases.

Dimethylmercury is a linear molecule that has a value of 2J
= 22.4 Hz.! The relatively large magnitude of 2/ for RCu-
(CN)Li suggests a linear structure as well. The two-bond 1*C-13C
couplings between cis carbonyls (bond angle 90°) in a series of
pentacarbonyl metal-carbene complexes fall in the range 2.7-5.4
Hz."" The magnitude of 2/ is dependent upon the hybridization
of the intervening orbitals; however, in our case this effect is small,
as can be seen by comparing our values for phenyl- and alkyl-
cuprates.

The addition of 12-crown-4 to cuprates has been shown to yield
monomeric species,'? and the addition of HMPA to PhLi ag-
gregates has been shown to yield monomers as well.!* Conse-
quently, we presume that RCu(CN)Li is monomeric in the
presence of HMPA and 12-crown-4. When RCu(CN)Li is cooled
to a low enough temperature, it is possible to obtain 2/ equal to
the value in the presence of HMPA and 12-crown-4, where
coupling is observed at ~78 °C in every case. This observation
does not necessarily imply monomers at those temperatures, since
the RCuCN units in a dimer might be linear.'* Nevertheless,
it has been shown that Li reagents afford smaller aggregates as
the temperature is lowered in coordinating solvents.* Under those
conditions where coupling in RCu(!3CN)Li is not observed; an

(9) Bertz, S. H. J. Am. Chem. Soc. 1990, 112, 4031, For a rebuttal to this
paper, see: Lipshutz, B. H.; Sharma, S.; Ellsworth, E. L. J. Am. Chem. Soc.
1990, 112, 4032.

o (10) Dreeskamp, H.; Hildenbrand, K.; Pfisterer, G. Mol. Phys. 1969, 17,

(ll) Casey, C. P.; Cesa, M. C. Organometallics 1982, 1, 87.

(12) Hope, H.; Olmstead M. M.; Power, P, P.; Sandell, J.; Xu, X. J. Am.
Chem. Soc. 1988, 107, 4337,
I”(lgu:elch H.J; Green, D. P.; Phillips, N. H. J. Am. Chem. Soc. 1989,
47(}225tewan, K. R;; Lever, J. R.; Whangbo, M.-H. J. Org. Chem. 1982,

0002-7863/91/1513-5471802.50/0

exchange process mediated by Li appears to be involved. This
exchange may involve the formation of dimers.

Registry No. PhCu(*CN)Li, 133930-77-5; CH;CH,Cu(**CN)Li,
133930-78-6; '*CH,Cu(*CN)Li, 133930-79-7; CH,Cu(*CN)Li,
133930-80-0.

Supplementary Material Availablee NMR spectra of
[CH;CH,Cu!*CN]-5Li* and [CH;CH,CuCN]-SLi* (1 page).
Ordering information is given on any current masthead page.
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Table I. Values of the Ferroelectric Polarization, SHG Efficiency, and x® (d.s and d Coefficients) for Representative FLCs and for the FLC

Phase of 1¢
entry SHG
number compound P (nC/cm?) arb units? dere (pPm/V) d coefficients (pm/V)

1 DOBAMBC?¥ -3 1 0.0008

2 ZLI 36548 -29 40 0.005

3 SCE 9% +33.6 160 0.01 dy = 0.073
dn = 0.027
d2| = 0.0026
d25 = 0,0009

4 1 -420° 8 x 104 0.23 dyy = 0.63 £ 0.03
dn =0.6 £0.3
d2| = 0.08 £ 0.02
d25 =0.16 £ 0.05

5 KH,PO, (KDP)** dy = 0.39

6 KTiOPO, (KTP)!$ dy =59

“Intensity of the second harmonic light at the top of the type | eeo angle phase-matched peak. *The SHG measurements with compound 1 were
performed at 60 °C, where P =~ -420 nC/cm?®. ¢ Values for some common inorganic NLO crystals are included for comparison.

potential applicability in photonics. The problem of creation of
such materials with organic molecules, a potentially attractive
approach,? involves two fundamental considerations: (1) design
and synthesis of organic functional arrays (molecules) possessing
appropriate molecular second-order susceptibility 8 and (2)
combination of the NLO molecules in a material on the order
of 10000-A thick and perhaps centimeters on a side with the
correct stereochemistry. With regard to the latter, controlled polar
orientation of the NLO active groupings is of clear utility for
design of x® materials. While considerable progress in the
molecule problem has resulted from techniques of classical stereo-
and regiocontrolled organic synthesis in combination with relatively
simple theoretical arguments, achieving polar stereocontrol in the
material is still difficult and under intensive study worldwide.>”’
We report herein successful application of the Boulder Model for
the molecular origins of the spontaneous polar order in ferroelectric
liquid crystals (FLCs)! to the synthesis of organic films with good
stereocontrol in the orientation of the o-nitroalkoxy functional
array and relatively large, stable x?.

FLCs are true liquids which nevertheless possess spontaneous
polar order, a property required by the symmetry of the system.

(1) Previous papers in this series (listed in order, 10~13): (a) Walba, D.
M.; Razavi, H. A.; Horiuchi, A.; Eidman, K. F.; Otterholm, B.; Haltiwanger,
R. C.; Clark, N. A.; Shao, R.; Parmar, D. S.; Wand, M. D.; Vohra, R. T.
Ferroelectrics 1991, 113, 21-36. (b) Walba, D. M. Ferroelectric Liquid
Crystals: A Unique State of Matter. In Advances in the Synthesis and
Reactivity of Solids; Mallouk, T, E., Ed.; JAI Press Ltd.: Greenwich, CT,
1991; Vol. 1, pp 173-235. (c) Walba, D. M.; Ros, M. B.; Clark, N. A.; Shao,
R.; Johnson, K. M.; Robinson, M. G.; Liy, J. Y.; Doroski, D. Design of
Ferroelectric Liquid Crystals for Electronic NLO Applications. In Materials
Jfor Nonlinear Optics: Chemical Perspectives; Stucky, G. D., Ed.; American
Chemical Society: Washington, DC, 1991; Vol. 455, pp 484-496. (d) Walba,
D. M.; Ros, M. B,; Clark, N. A,; Shao, R.; Johnson, K. M.; Robinson, M. G.;
Liu, J. Y.; Doroski, D. Mol. Cryst. Lig. Cryst. 1991, 198, 51-60.

(2) (a) Williams, D. J. Angew. Chem., Int. Ed. Engl. 1984, 23, 690-703.
(b) Prasad, P. N.; Reinhardt, B, A, Chem. Mater. 1990, 2, 660~669.

(3) “'he “single-molecule” approach to this problem is illustrated by the
“molecutar tinker toy” strategy of Michl: Hassenrtick, K.; Murthy, G. S,;
Lynch, V. M.; Michl, J. J. Org. Chem. 1990, 55, 1013-1016.

(4) The approach to x'? materials utilizing organic crystals is exemplified:
Marder, S. R.; Perry, J. W.; Schaefer, W. P. Science 1989, 245, 626—628.

(5) For illustrative discussions of electrically poled polymer glasses, see:
(a) Leslie, T. M.; Demartino, R. N.; Choe, E. W.; Khanarian, G.; Haas, D.;
Nelson, G.; Stamatoff, J. B.; Stuetz, D. E.; Teng, C.-C.; Yoon, H.-N. Mol.
Cryst. Lig. Cryst. 1987, 153, 451-477. (b) Dirk, C. W.; Kuzyk, M. G. Chem.
Mater, 1990, 2, 4-6. (c) Dembek, A. A.; Kim, C.; Allcock, H. R.; Devine,

R. L. S.; Steier, W. H.; Spangler, C. W. Chem. Mater. 1990, 2, 97-99. (d)

Park, J.; Marks, T. J.; Yang, J.; Wong, G. K. Chem. Mater. 1990, 2, 229-231.
(e) Dembek, A. A.; Kim, C.; Allcock, H. R.; Devine, R. L. S.; Shi, Y.; Steier,
W, H.; Spangler, C. W. Macromolecules, in press. We thank Professor
Allcock for making the data presented in ref Se available prior to publication.

(6) For discussions of the application of Langmuir-Blodgett films to this
problem, see: (a) Popovitz-Biro, R.; Hill, K.; Landau, E, M,; Lahav, M.;
Leiserowitz, L.; Sagiv, J. J. Am. Chem. Soc. 1988, 110, 2672-2674. (b)
Popovitz-Biro, R.; Hill, K.; Shavit, E.; Hung, D. J.; Lahav, M.; Leiserowitz,
L.; Sagiv, J.; Hsiung, H.; Meredith, G. R.; Vanherzeele, H. J. Am. Chem. Soc.
1990, /12, 2498-2506.

(7) For a leading discussion of the application of self-assembling multi-
layers (SAMs) to this problem, see: Tillman, N.; Ulman, A.; Schildkraut,
J.S.; Penner, T. L. J. Am. Chem. Soc. 1988, 110, 6136—6144,

FLCs thus typically possess a measurable macroscopic electric
dipole moment, the ferroelectric polarization P, deriving from net
polar orientation of molecular dipoles in the film. Shortly after
the experimental demonstration of polar order in FLCs, several
groups began investigation of the nature of x» of FLC phases,
knowing that the same polar order required for nonzero P is also
sufficient, though not necessary, for nonzero x® in the simple
electronic dipolar model.®®

Unfortunately, the measured values of the ultrafast x® in
several FLCs, as evidenced by second harmonic generation (SHG)
from 1064-nm light, showed that these FLCs possess very small
x@. Table I gives relevant experimental results on representative
FLCs. The examples given in entries 1, 2, and 3 illustrate the
problem: Given the values for typical inorganic crystals in use
today (entries 5 and 6), the values of d, obtained for the classic
FLC material DOBAMBC and for the commercial mixtures ZLI
3654 and SCE 9 are so small as to suggest FLCs would be useless
in NLO applications.

On the basis of the Boulder Model for the polar order in FLCs
we felt that the low x® values observed for typical FLCs was due
to a combination of two factors: (1) poor stereocontrol and (2)
orientation of functional arrays with small 8 along the polar axis.
With a design approach detailed in recent publications,"!® we felt
that the (o-nitroalkoxy)phenyl biphenylcarboxylate (1) would
exhibit good polar orientation of the o-nitroalkoxy unit, which
also should possess reasonable 3 (about 0.15 times p-nitroaniline)
based upon standard arguments.!!

ne OO
1 2

CeHg

(8) (a) Vtyurin, A. N.; Ermakov, V. P.; Ostrovskii, B. I.; Shabanov, V. F.
Phys. Status Solidi B 1981, 107, 397-402. (b) Vtyurin, A. N.; Ermakov, V.
P.; Ostrovskii, B. I.; Shabanov, V. F. Kristallografiya 1981, 26, 546-549. (c)
Shtykov, N. M.; Barnik, M. L; Beresnev, L. A.; Blinov, L. M. Mol. Cryst.
Lig. Cryst. 1988, 124, 379-390. (d) Yoshino, K.; Kishio, S.-i.; Ozaki, M.;
Yokotani, A.; Sasaki, T.; Yamanaka, C. Technology Reports of the Osaka
University 1987, 37, 283-287. (e) Taguchi, A.; Ouchi, Y.; Takezoe, H.;
Fukuda, A. Jpn. J. Appl. Phys. 1989, 28, L 997-L 999. (f) Taguchi, A.;
Kajikawa, K.; Ouchi, Y.; Takezoe, H.; Fukuda, A. Second Harmonic Gen-
eration in Ferroelectric Liquid Crystals. In Nonlinear Optics of Organic and
Semiconductors; Kobayashi, T., Ed.; Springer Proceedings in Physics: 1989;
Vol. 36, pp 250-253. (g) Liu, J. Y.; Robinson, M. G.; Johnson, K. M.;
Doroski, D. Optics Lett. 1990, |5, 267-269.

(9) For discussion and experimental demonstration of x2) in nonpolar,
noncentrosymmetric media, see: (a) Giordmaine, J. A, Phys. Rev. 1968, 138,
A1599-A1606. (b) Rentzepis, P. M.; Giordmaine, J. A.; Wecht, K. W. Phys.
Rev. Lett. 1966, 16, 792-794.

(10) Experiments verifying the validity of the approach to design of com-
pounds of type 1 is given in ref 1d (the proceedings of the 2nd International
Ferroelectric Liquid Crystal Conference, Gdteborg, Sweden, June 29-July 1,
1989). Pioneering work with a class of FLCs similar to 1 (but where the nitro
grouping is replaced by various halogens and by cyano) is presented: Furu-
kawa, K.; Terashima, K.; Mitsuyoshi, 1.; Saitoh, S.; Miyazawa, K.; Inukai,
T. Ferroelectrics 1988, 85, 451-459. It is interesting to note that compound
1 possesses the largest polarization of any material in this class.
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Figure 1. Orthogonal views illustrating the proposed structure of FLC films of 1.

Indeed, experimental measurements of the macroscopic dipole
density P by the polarization reversal current method provides
good evidence that the nitroalkoxy unit is oriented along the polar
axis of FLC films of 1 with relatively good stereocontrol.'*® Thus,
at room temperature the measured polarization of 1 is -560
nC/cm? = -2.1 D/molecule. Assuming that the molecular dipole
moment of the nitroalkoxy unit is perfectly aligned along P and
estimating this to be about 5 D (for (o-nitromethoxy)benzene,
u = 4.8 D'?), fully 40% of the important malecular functional
array is oriented along P in the liquid phase.

Our interpretation of this result is illustrated in Figure 1, which
shows the effective “unit cell” of the FLC phase, with two mol-
ecules of 1 related by a 2-fold axis. In the figure the molecules
are oriented with respect to conformation (a Tripos force field
minimum is shown in the drawing) and rotational orientation
relative to the tilt plane according to the Boulder Model. It should

(11) While we have not found a report Evmg B for o-nitroanisole, the
largest component should be about 5 X 107" esu based upon the following
experimental |B| values (all in the same units): p-nitroaniline = 35; o-nitro-
aniline = 10; p-nitroanisole = 15. For comparlson the |B] of fluorobenzene
is reported to be 0.4, while that of urea is 2.3. The data are from ref 2 and
the following mfereum: {a) Dulcic, A, Sauteret, C. J. Chem. Phys. 1978,
69, 3453-3457. (b) Dirk, C. W.; Twieg, R. J.; Wagniére, G. J. Am. Chem.
Soc. 1986, 108, 5387-5395. (c) Li, D.; Marks, T. J.; Ratner, M. A. Chem.
Phys. Lett. 1986, 131, 370-375.

(12) McClellan, A. L. Tables of Experimental Dipole Moments; W. H.
Freeman and Company: San Francisco, CA, 1963.

be stressed that the conformer shown actually represents a large
family of conformations, keeping in mind that the phase in question
is a liquid. Note that the nitroalkoxy unit is well-oriented along
P according to this proposed liquid crystal structure, affording
a film with good stereocontrol for x(?.

Preliminary experiments with parallel-aligned samples of 1
indicated it possessed the largest x® of any FLC measured to
date.'*® Indeed, as shown in Table I, the d coefficients for ho-
meotropic films of 1 are large compared to other FLCs, and the
observed values seem quite consistent with the interpretation of
the structure of the phase as inferred from the polarization
measurement and shown in the figure.

It should be noted that poled polymer films exhibiting sus-
ceptibilities about 2 orders of magnitude larger than that for films
of 1 have been reported.® In these films, however, the NLO active
units possess much larger 8 and far red-shifted resonant ab-
sorptions relative to 1 (ref 5e reports a d3; of 40 pm/V for a
polyphosphazine functionalized with the disperse red 1 NLO-active
moiety). The degree of stereocontrol (percentage of dipoles aligned
along P) in the FLC is actually considerably greater than can be
achieved by poling. Also, in the FLC (and also in FLC polymer
glasses)'® the polar structure is a thermodynamic global minimum,

(13) The method utilized for characterization of compound 1 by SHG is
the same as that used for characterization of SCE9, as described in ref 8f.
Details of the characterization of compound 1 will be reported elsewhere.
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in sharp contrast to the kinetically stabilized but thermodynam-
ically unstable polar structure obtained in poled polymers. Many
clear directions for tuning of the NLO properties of FLC films
for various applications are suggested by the work presented here
and are under active investigation in our labs.

In conclusion, we provide evidence with second-order NLO
measurements of the basic correctness of the model of the structure
of films of compound 1 in the FLC phase summarized in Figure
1. These results suggest that it is possible to achieve stereo-
controlled synthesis of organic thin films of interest for second-
order NLO applications in a directed manner with the FLC
self-assembly in combination with the Boulder Model. The
generality of the approach is being explored.

Acknowledgment. This work was supported in part by the Office
of Naval Research and in part by NSF Engineering Research
Grant CDR-8622236. M. Blanca Ros thanks the Ministerio de
Educacion y Ciencia of Spain for financial support. K. M. Johnson
acknowledges support from NSF Presidential Young Investigator
Award No. ENG 8451485.

(14) Eimerl, D. Ferroelectrics 1987, 72, 95.

(15) Eaton, D. F. Nonlinear Optical Materials: The Great and Near
Great. In Materials for Nonlinear Optics: Chemical Perspectives; Stucky,
G. D, Ed.; American Chemical Society: Washington, DC, 1991; Vol. 455,
pp 128-156.

(16) (a) Walba, D. M.; Keller, P.; Parmar, D. S.; Clark, N. A.; Wand, M.
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The stereochemical alteration caused by N-methylation of an
aromatic amide structure is an efficient means of changing the
biological activity of a molecule, as we have found during the drug
design of synthetic retinoids' and synthetic cytokinins.? N-
Methylbenzanilide (1) exists predominantly in a cis amide con-
formation in solution and in the crystal, while benzanilide (2) exists
in a trans conformation.?> Though the cis conformation is su-
perficially less favorable, this seems a rather common phenomenon
intrinsic to aromatic N-methylamides. The cause of this real
stabilization of the cis structure is unclear and is under study. The
cis preference can be used for the fixation of a molecule in a shape
that seems less favorable from simple stereochemical considera-
tions. In this paper, we present some examples of molecular
construction by using an N-methylamide structure as a splint or
a scantling in a molecule.

The crystal structure of N,N-dimethylterephthalic dianilide
(3) is shown in Figure 1. The stereochemistry of each N-
methylbenzanilide moiety is very similar to the structure of 1. The

(1) Kagechika, H.; Himi, T.; Kawachi, E.; Shudo, K. J. Med. Chem. 1989,
32, 2292, Toriumi, Y.; Kasuya, A.; Itai, A. J. Org. Chem. 1990, 55, 259.

(2) Takahashi, S.; Okamoto, T.; Shudo, K.; Isogai, Y. Chem. Pharm. Bull.
1981, 29, 3748,

(3) Itai, A.; Toriumi, Y.; Tomioka, N.; Kagechika, H.; Azumaya, I.;
Shudo, K. Tetrahedron Lett. 1989, 30, 6177.
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Figure 1. Structure and an ORTEP view of 3.
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Figure 3. Structure and an ORTEP stercoview of 5.

NMR spectrum? of 3 also indicates that the conformation is close
to the crystal structure because the signals of the aromatic protons
of the terminal rings are as expected from the NMR spectrum
of 1, suggesting that anti stereochemistry is predominant in
solution too. The crystal structure of N,N*-dimethylisophthalic
dianilide (4) is shown in Figure 2. The crystal cis stereochemistry
of the two amide bonds is as expected. The syn stereochemistry
of the two terminal moieties is rather unexpected. The solution
stereochemistry is also similar to the crystalline structure, because
the two terminal protons of the anilide rings are shielded to a
greater extent than the corresponding protons of 1.

A more interesting molecular structure was found for the
trianilide of trimesic acid. The crystal structure of trimethyl
derivative § is shown in Figure 3. All three phenylcarbamoyl
groups exist in a cis conformation, and surprisingly, all of them
are in syn conformation. Since the steric crowdedness of the
conformation is evident, the stabilization of the all-syn structure
is definitely due to the bonding interactions of the three benzene
rings (distorted T-shaped interaction).> The particularly high

(4) NMR spectra were analyzed in CDCl;, Chemical shifts (at —60 °C)
for compounds 3-5 and 7 are shown in the figures. The dynamic aspects will
be discussed elsewhere.
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