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J=8,14Hz),763(2H,d,J =9 Hz), 7.45-7.556 (3 H, m), 2.62
(3 H, 8); IR (KBr) #pgy 3080 (W), 2960 (w), 2940 (w), 2820 (w), 1680
(8), 15690 (s), 1570 (s), 1480 (s), 1440 (s), 1285 (m), 1250 (s), 1235
(m), 1045 (s), 1020 (m), 860 (m), 780 (m), 750 (s) cm™; mass
spectrum m/z 230 (M* + 2 - 28, 1), 229 (M* + 1 - 28, 4), 228
(M* - 28, 23), 220 (11), 219 (16), 218 (100), 213 (30), 185 (22), 154
(27), 147 (15), 119 (30), 109 (67), 91 (20), 77 (14), 65 (12). Anal.
Caled for C, H;oN,OS: C, 65.60; H, 4.72; N, 10.93; S, 12.51. Found:
C, 65.80; H, 4.88; N, 10.94; S, 12.57.

(4-n-Butylphenyl)diazo phenyl sulfide (3b): 'H NMR &
766 (2H,d,J =7Hz),749 (2H,d, J = Hz), 7.37-7.45 (3 H, m),
719(2H,d,J = 8 Hz), 2.59 (2 H, t, J = 8 Hz), 1.57 (2 H, m),
1.32 (2 H, m), 0.90 (3 H, t, J = 7 Hz); IR (neat) vy, 3030 (w),
2955 (m), 2920 (m), 2850 (w), 1580 (m), 1475 (s), 1440 (m), 1020
(m), 830 (w), 740 (m) em™; mass spectrum m/z 244 (M* + 2 -
28, 4), 243 (M* + 1 - 28, 11), 242 (M* - 28, 56), 220 (10), 219 (15),
218 (100), 199 (83), 185 (16), 154 (24), 109 (69), 91 (22), 65 (8).
Anal. Calcd for C,gHgN,S: C, 71.07; H, 6.71; S, 11.86. Found:
C, 71.17; H, 6.51; S, 12.20.

(4-Methoxyphenyl)diazo phenyl sulfide (3¢): H NMR &
7656 (2H,d,J =7Hz),7.55 (2H,d, J = 9 Hz), 7.35-7.45 (3 H,
m), 6.88 (2 H, d, J = 9 Hz), 3.76 (3 H, s); IR (neat) vy,, 3060 (m),
3010 (m), 2970 (w), 2930 (w), 2830 (w), 1590 (m), 1580 (s), 1490
(s), 1475 (s), 1440 (s), 1250 (s), 1170 (m), 1020 (m), 830 (m), 800
(w) em™., Anal. Caled for C;3H;,N,08: C, 83.91; H, 4.95; N, 11.47;
S, 13.12. Found: C, 64.12; H, 5.08; N, 11.25; §, 13.16.

(3-Methoxyphenyl)diazo phenyl sulfide (3d): 'H NMR 5
744 (2H,d,J =89 Hz), 7.34 (1 H, d, J = 8.2 Hz), 6.92-7.30 (5
H, m), 6.71 (1 H, dd, J = 8.4, 1.7 Hz), 3.63 (3 H, s); IR (neat) vpy,
3080 (w), 3000 (w), 1960 (w), 2940 (w), 2830 (w), 1590 (s), 1575
(s), 1480 (s), 1440 (s), 1285 (m), 1250 (s), 1045 (s), 860 (m), 780
(m), 750 (8), 710 (w) cm™., Anal. Caled for C,sH;;,ON,S: C, 63.91;
IS-I, 4.95; N, 11.47; S, 13.12. Found: C, 63.85; H, 4.96; N, 11.42;

, 13.17.

(2-Methoxyphenyl)diazo Phenyl Sulfide (3e). After pu-
rification, the orange oil was taken up in ether/petroleum ether,
and then the solvent was evaporated. Upon refrigeration the
orange oil solidified to a light orange solid: mp 31-33 °C; 'H NMR
5749(2H,d,J=89Hz),731 (1 H,dd,J = 83, 24 Hz), 7.07-7.24
(6 H,m), 6.78 (1 H, dd, J = 8.3, 2.5 Hz), 3.71 (3 H, s); IR (neat)
Ymax 3060 (w), 3010 (W), 2960 (w), 2930 (w), 2830 (w), 1580 (m),
1480 (s), 1440 (m), 1250 (s), 1170 (m), 1025 (s), 750 (s), 705 (m)
em™, Anal. Caled for C;sH;,ON,S: C, 63.91; H, 4.95; N, 11.47;
S, 13.12. Found: C, 64.28; H, 5.14; N, 11.16; S, 12.88.

General Procedure for Fluorination Reaction. A portion
(100 umol) of diazo sulfide and a precise amount of n-dodecane
(internal standard) was weighed in a polyethylene vial. Toluene
was added (0.756 mL), and the solution was cooled in an ice bath.
Stirring was initiated, and HF-pyridine then was added. When
a 20- or 5-fold excess of HF was used, it was added as neat
pyridinium poly(hydrogen fluoride); for lower stoichiometries,
a freshly prepared 0.5 or 0.2 M solution in THF was used. Im-
mediately thereafter, 610 equiv of AgNO; was added, and the
vial was sealed with a Teflon-lined screw cap and gradually
warmed to 90 °C for 30 min with continued stirring. The reaction
mixture was then cooled and filtered through a small silica gel
column, eluting with acetone.

Product yields were determined through GC analysis of the
eluate. This was achieved with the aid of a calibration curve which
related the response factors of the product with the response
factors of the internal standard, n-dodecane. The fluorinated
products were identified by GC~-MS and by coinjection on the
GC with authentic samples. Byproducts were determined either
by (l':‘C.-MS and coinjection or by '!H NMR and mass spectra
analysis,
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Introduction

A variety of fluorine-containing polymers have been used
as gas-permeable membranes, contact lenses, optical fiber
sheathing materials, photoresistors, or biomedical mate-
rials.! They display the characteristic virtues of water and
oil repellency, low surface energy, high affinity for oxygen,
high chemical and light resistance, and bioinactivity.
Fluorinated difunctional monomers like polyfluorinated
a,w-dicarboxylic acids and «,w-diisocyanates are among the
most promising starting materials for the synthesis of a
new class of such polymers via condensation polymeriza-
tion and addition polymerization. Two types of these
fluorinated monomers have been described: type A diacids
of the formula HO,CCH,(CF,),CH,CO.H (n = 2, 4, 6)23
and type B diacids of the formula HO,CCH,CH,-
(CF,),CH,CH,CO.H (n = 8, 4).4% In type A diacids, the
a-hydrogen atoms are strongly acidic, and elimination of
HF takes place easily under basic conditions. In type B
acids, the a-hydrogen atoms are less acidic, which should
make the chemical stability of polymers derived from such
acids superior to that of polymers derived from type A
diacids. However, the known methods for the synthesis
of type B diacids are not straightforward. Obviously, an
industrially feasible synthesis of such compounds is highly
desirable. We recently described the perfluoroalkylation
of carbon—carbon multiple bonds® and of aromatic rings,’
and the carbonylation® of perfluoroalkyl-substituted or-
ganic compounds, both catalyzed by transition-metal
complexes. The polyfluorinated organic compounds so
obtained are expected to be versatile building blocks for

(1) Kato, M.; Takakura, T.; Yamabe, M.; Okano, T.; Kataoka, K.;
Sakurai, Y.; Imachl, K,; Atsuml. K. Prog Arttf Orgam 1988, 2, 858,
P é2£rysdale, J. J. US. Pat. 2871260, 1959; Chem. Abstr. 1959 53,

121
(3) Takakura, T.; Yamabe, M.; Kato, M. J. Fluorine Chem. 1988, 41,

(4) (a) Brace, N. O. J. Org. Chem. 1962, 27, 3033. (b) Moore, L. D. J.
Chem. Eng. Data 1964, 9, 251.

(5) Bloechl, W. Fr. Pat. 1404744, 1965; Chem. Abstr. 1965, 63, 11367g.

©) (a) Fuchlkamx,T Ojima, L Tetrahedron Lett. 1984, 25 303. (b)
Idem., Ibid. 1984, 25, 307. (c) Fuchikami, T.; Shibata, Y.; Urata, H. Chem.
Lett. 1987 521.

7 Fuchlkamx, T.; Ojima, L. J. Fluorine Chem. 1988, 22, 541. (b)
Urata, H.; Fuchikami, T. Tetrahedron Lett. 1991, 32, 91.

(8) (a) Fuchikami, T.; Ojima, L. J. Am. Chem. Soc. 1982, 104, 3267. (b)
Fuchikami, T.; Ohishi, K.; Ojima, 1. J. Org. Chem. 1983, 48, 3803. (c)
Ojima, I.; Hirai, K.; Fujita, M.; Fuchikami, T. J. Organomet. Chem. 1984,
279, 203. (d) Ojima, L; Kato, K.; Okabe, M.; Fuchikami, T. J. Am. Chem.
Soc. 1987, 109, 7714. (e) Urata, H.; Yugari, H.; Fuchikami, T. Chem. Lett.
1987, 833. (f) Urata, H.; Kosukegawa, O.; Ishii, Y.; Yugari, H.; Fuchikami,
T. Tetrahedron Lett. 1989, 30, 4403. (g) Urata, H.; Ishii, Y.; Fuchikami,
T. Tetrahedron Lett. 1989, 30, 4407.
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Table 1. Metal Carbonyl Catalyzed Insertions of Terminal Olefins (2) into 1°

olefin

I(CFy),], CH,~CHR, catalyst® cocatalyst reaction reaction isolated yield

entry ns= R (equiv) (mol %) (mol %) temp (°C) time (h) of product (%)
1 4 H (10 atm) Fe; (6) none 100 4 90
2 4 H (10 atm) Fe (10) EAc (40) 100 3 78
3 4 H (10 atm) Co (9) EA° (32) 100 3 70
4 4 H (10 atm) Ru (5) EA° (32) 100 3 60
5 4 CHj; (5) Fe; (5) none 100 24 62
6 4 SiMe, (3)¢ Fe, (4) none 70 1 88
7 6 H (10 atm) Fe; (5) none 100 12 91
8 6 CHj; (5) Feg (5) none 100 24 89

9 All reactions were performed in a stainless steel autoclave in the absence of solvent unless otherwise noted. ®Fe = Fe(CO);, Fey =
Feg(CO)y3, Co = Coy(CO)g, Ru = Ruy(CO)yp. “EA = ethanolamine. 9The reaction carried out in a sealed glass tube.

Scheme I
| CH,CH(R)!
I cat, !
(?FZ)n + CH2=CHR — (?Fz)n
1 | 2a, b CH,CH(R)!
e a:R=H 3a-e
b s b: R=CH; a:n=2, R=H
- b: n=4, R=H
e:n=6 ¢: n=4, R=CHj
d: n=6, R=H
e:n=6, R=CHj
CH,CH(R)COOEt CH,CH(R)COOH
cat., CO Fa) (SF2)
e e
EtOHorH0 '] 2" or 2
Base CH,CH(R)COOEt CH,CH(R)COOH
4a-~e 5a~e
a: n=2, R=H a: n=2, R=H
b: n=4, R=H b: n=4, R=H
¢: n=4, R=CHj ¢: n=4, R=CHj
d: n=6, R=H d: n=6, R=H
e:n=6, R=CH, 0. n=6, R=CHjy

employment in the synthesis of other useful organofluorine
compounds.? Here we describe a facile synthesis of type
B diacids from «a,w-diiodoperfluoroalkanes (1, I(CF,),I; n
= 2, 4, 6), one that also employs transition-metal catalysts.

Results and Discussion

As a first step toward the desired compounds, the in-
sertion of terminal olefins (2) into both C-I bonds of «,-
w-diiodoperfluoroalkanes I(CF,),I (1a,n = 2; 1b, n = 4;
le, n = 6) was attempted. No reaction took place with 1¢
was treated with ethylene (2a, 60 atm) in the absence of
a catalyst at 100 °C for 12 h in a stainless steel autoclave.
However, insertion proceeded smoothly when a mixture
of lc¢, 2a (10 atm), and a catalytic amount (5 mol %) of
Fe3(CO),, was heated at 100 °C for 12 h to give 1,10-di-
iodo-3,3,4,4,5,5,6,6,7,7,8,8-dodecafluorodecane (3d) in 91%
isolated yield. No 1,8-diiodo-1,1,2,2-tetrahydroperfluoro-
octane (I(CF,)¢CH,CH,I) was produced under these con-
ditions. Cobalt and ruthenium carbonyl complexes are also
proved to be effective catalysts. The presence of a small
amount (10-40 mol %) of ethanolamine, triethylamine, or
pyridine along with the Co,(CO)s or Rug(CO),, catalyst led
to larger yields. Both 1-propene (2b) and trimethyl-
vinylsilane could also be inserted under similar mild con-
ditions to give the expected products in good yield. Rep-
resentative results are shown in Table I.

On the other hand, attempts to insert ethylene (2a) into
1,2-diiodotetrafluoroethane (la) failed, and the desired
product (3a) was not obtained. Instead, tetrafluoro-

(9) (e) Hudlicky, M. Chemistry of Organofluorine Compounds, 2nd
ed.; Ellis, Horwood: Chichester, England, 1976. (b) Fuchikami, T. Yuki
Gosei Kagaku Kyokaishi 1984, 42, 775; Chem. Abstr. 1984, 101, 190623e.

Table II. Carbonylation of 3 Catalyzed by Co or Pd

Complexes®

catalyst? isolated

entry substrate (mol %) HY Dbase® product yield (%)
1 3a Co (10) EtOH EtN 4a 86
2 3b Pd (10) EtOH KF 4b 64
3 3c Pd (10) EtOH KF 4c 81
4 3d Pd (10) EtOH Et,N 4d 67
5 3e Pd (10) EtOH KF de 77
6 3a Co (10) H,0 KF 5a 97
7 3b Pd (10) H,0 KF 5b 93
8 3¢ Co (200 H,0 KF Sc 69
9 3d Co (200 H,0 KF 5d 94
10 3e Co(20) H,0 KF Se 67

9 All reactions were performed in a stainless steel autoclave at
100 °C for 24 h (entries 1-5) or at 80 °C for 48 h (entries 6-10)
bCO = COg(Co)s, Pd =
(PhsP),PdCl;. ©A theoretical amount of base was added in all re-

under 50 atm of CO pressure.

actions: Et;N = 2 equiv.; KF = 4 equiv.

Scheme II°
?HchchOH ?HZCHZCOCI
(CFa)n —_— (GFahn
CH,CH,CO0H CH,CH,COCI
5a: n=2 6a~c
5b: n=4 a:n=2
5d: n=6 b: n=4
c: n=6
CH,CH;CONg CH,CHNCO
b
— (CFa — (CFa)
CH,CH,CON, CH,CH,NCO
7a-¢c 8a~c
a: n=2 a:n=2; 78%
b: Nad b: n=4; 87%
c:n=6 €. n=6; 64%

¢(a) SOCIl,, reflux, 1-2 h; (b) HNgpy, 0 °C, 15 min; (c) 95-100
°C, toluene, 1 h.

ethylene and diiodo transition-metal compounds (Met-I,)
may have been formed by the reaction of la and the
catalyst. Therefore, 1,6-diiodo-3,3,4,4-tetrafluorchexane
(8a) was prepared by a known method!® in 75% yield.

Next, the carbonylation of compound 8 was investigated.
Treatment of ethanol solution of compounds 8 with CO
(50 atm) in the presence of a base like triethylamine (2
equiv) or potassium fluoride (4 equiv) and a catalytic
amount (10 mol %) of a transition metal complex at 100
°C for 24 h gave the diethyl esters 4 (Table II). Among

(10) (a) Brace, N, Q. U.S. Pat. 3,018,407, 1962; Chem. Abstr. 1962, 57,
11017f. (b) Knunyants, I. L.; Khrlakyan, S. P.; Zeifman, Y. V.; Shokina,
V. V. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1964, 359. (¢) Kim, Y. K,;
Pierce, O. R.; Bajzer, W. X.; Smith, A. G. J. Fluorine Chem. 1971/1972,
1, 203. (d) Baum, K.; Bedford, C. D.; Hunadi, R. J. J. Org. Chem. 1982,
47, 2261,
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Scheme II1
?chHZCONHBu‘
h
6c + 'BuNH, e (CFae
77% |
CH,CH,CONHBu!
9

the group VIII transition-metal complexes that were
evaluated as catalysts, Coy(CO)g and (PhyP),PdCl, were
highly effective.!! For example, the Pd-catalyzed carbo-
nylation of 3b gave diester 4b in 67% yield.

The reaction of compound 3 with CO (50 atm) in the
presence of a Co or Pd catalyst (10-20 mol %), water (20
equiv), and potassium fluoride (4 equiv), in t-BuOH so-
lution at 80 °C for 48 h gave the corresponding diacids
5a-e directly, in moderate to excellent yields. The use of
potassium fluoride as the base resulted in higher yield of
diacids than did the use of triethylamine. As Table II
shows, the Pd- or Co-catalyzed carbonylation of 3 gave 4
or 5 in moderate to high yield, regardless of the number
of difluoromethylene units present in the parent com-
pound.

The type B diacids so obtained could be easily converted
into the corresponding «,w-diisocyanates (8) in overall
yields of 64-87% (Scheme II). The refluxing of solution
of diacids 5 and thionyl chloride afforded dichlorides 6.
The reaction of dichlorides 6 with the HN;—pyridine
complex in toluene solution at 0 °C for 15 min gave the
corresponding azides 7. Although compounds 7a-c were
not isolated, their presence was inferred from the IR
spectra of the toluene solutions, which showed two ab-
sorption bands, at ca. 2150 and at ca. 1720 cm™, attrib-
utable to N; and C=0 stretching vibrations, respectively.
Curtius rearrangement of 7 (95-100 °C, toluene, 1 h)
produced the corresponding o,w-diisocyanates 8. Products
8 are potential precursors of the antithrombogenic poly-
urethanes described by Kato et al.!

In conclusion, a facile synthesis of a,w-dicarboxylic acid
and a,w-diisocyanates containing perfluoroalkylene groups
from a,w-diiodoperfluoroalkanes has been described. The
products are promising precursors of fluorine-containing
polymers that possess unusual properties.

Experimental Section

Melting points were determined with a Yanagimoto micro
melting point apparatus and are uncorrected. IR spectra were
recorded with a JASCO A-202 spectrometer. 'H NMR spectra
were recorded with Hitachi R-90H (90 MHz) or Bruker AM-400
(400 MHz) instruments. Chemical shifts are reported in ppm
downfield from internal TMS. *F NMR spectra were recorded
with a Varian XL-100-15A (94.1 MHz) spectrometer. Chemical
ghifts are reported in ppm downfield from internal CFCl;. Mass
spectra were recorded with a Hitachi RMU-6MG spectrometer
that was operated at an ionization voltage of 70 eV. Refractive
indices were determined with an Atago Abbe refractometer at
20 °C. Elemental analyses were performed at the Sagami
Chemical Research Center.

a,w-Diiodoperfluoroalkanes (I(CF,),I; n = 2, 4, and 6) were
purchased from Japan Halon Co., Ltd., and were used without
further purification.

Et;0 was distillted under dry Ar from benzophenone ketyl
immediately before use. Other solvents and reagents were used
as received.

1,10-Diiodo-3,3,4,4,5,5,6,6,7,7,8,8-dodecafluorodecane (3d).
A mixture of 1,6-diiodoperfluorohexane (le, 2.79 g, 5.03 mmol)

(11) The carbonylation of 3b (EtOH solution, 50 atm of CO, 100 °C,
24 h) was also catalyzed by other transition-metal complexes. The yields
of 4b as a function of the catalyst were 53%, Co,(CO); (10 mol%); 9%,
ﬁla.(C({);q: )(1.7 mol %); 1%, Rug(CO),; (3.3 mol %); 1%, PtCly(PPhy),
mol %).

Notes

and Feg(CO)y, (125 mg, 0.25 mmol) under 10 atm of ethylene in
a 30-mL stainless steel autoclave was heated at 100 °C for 12 h.
To the cooled mixture was added aqueous Na,S;05. The mixture
was then extracted with Et,0. The extract was dried (MgSO,)
and concentrated in vacuo. The residue was recrystallized
(hexane) to provide 1,10-diiodo-3,3,4,4,5,5,6,6,7,7,8,8-dodeca-
fluorodecane (3d) in 91% yield (2.79 g): mp 91 °C; 'H NMR
(CDCly) 4 2.35-3.10 (m, 4 H), 8.10-3.45 (m, 4 H); ¥F NMR (CDCl,)
6-114.2 (br, 4 F), -121.1 (br, 4 F), -123.5 (br, 4 F); IR (KBr) 1218,
1170, 1135, 1062, 690, 515 cm™; MS m/e 610 (M*, 100), 463 (24),
155 (16), 141 (43), 127 (61), 65 (42), 51 (18), 27 (19). Anal. Caled
for C,oHgF oI C, 19.69; H, 1.32. Found: C, 19.94; H, 1.33.
1,6-Diiodo-3,3,4,4-tetrafluorohexane (3a) was prepared by
a known method! in 75% yield: 'H NMR (CDCly) $ 2.30-3.00
(m, 4 H), 3.25 (t, J = 7 Hz, 4 H); ¥F NMR (CDCl,) é -114.8 (br,
4 F); IR (KBr) 1439, 1350, 1308, 1185, 1158, 1050, 915 cm™}; MS
m/e 410 (M*, 57), 283 (100), 141 (25), 77 (97). Anal. Calcd for
CeHgF Jx C, 17.58; H, 1.97. Found: C, 17.60; H, 1.87.
1,8-Diiodo-3,3,4,4,5,5,6,6-octafluorooctane (3b): mp 93.5 °C;
'H NMR (CDCl,) § 2.46-3.06 (m, 4 H), 3.06-3.40 (m, 4 H); F
NMR (CDCly) 6 -114.4 (br, 4 F), -123.0 (br, 4 F); IR (KBr) 1360,
1196, 1170, 1112, 1084, 722, 512 cm™; MS m/e 510 (M*, 58), 383
(55), 141 (67), 77 (100), 65 (72), 51 (25), 27 (35). Anal. Caled for
CgHgFgly: C, 18.84; H, 1.58. Found: C, 18.92; H, 1.51.
2,9-Diiodo-4,4,5,5,6,6,7,7-octafluorodecane (3c): mp 35.0-35.5
°C; 'H NMR (CDCly) 6 2.04 (d, J = 7 Hz, 6 H), 2.20~-3.30 (m, 4
H), 4.45 (tq, J = 7 and 7 Hz, 2 H); 1%F NMR (CDCl;) 6 -114.2
(br, 4 F), -124.0 (br, 4 F); IR (KBr) 1365, 1268, 1208, 1165, 1118,
1032, 868, 715, 502 cm™; MS m/e 538 (M*, 2), 410 (4), 283 (29),
155 (12), 91 (22), 77 (11), 65 (18), 47 (100), 41 (25). Anal. Calcd
for CoH,Fgly: C, 22.33; H, 2.25. Found: C, 22.46; H, 2.22.
2,11-Diiodo-4,4,5,5,6,6,7,7,8,8,9,9-dodecafluorododecane (3e):
mp 53 °C; 'H NMR (CDCl,) 6 2.04 (d, J = 7 Hz, 6 H), 2.30-3.30
(m, 4 H), 4.45 (tq, J = 7 and 7 Hz, 2 H); ¥F NMR (CDCl;) 6 -114.1
(br, 4 F), -122.1 (br, 4 F), -124.0 (br, 4 F); IR (KBr) 1455, 1368,
1272, 1202, 1170, 1140, 1018, 689, 660, 508 cm™; MS m/e 638 (M*,
1), 384 (15), 91 (9), 65 (12), 47 (100), 43 (41). Anal. Calcd for
CoHoFpuly: C, 22.59; H, 1.90. Found: C, 22.22; H, 1.74.

Diethyl 4,4,5,5,6,6,7,7,8,8,9,9-Dodecafluorododecanedioate
(4d). A mixture of (PhyP),PdCl, (17.5 mg, 0.025 mmol), 3d (152
mg, 0.25 mmol), Et;N (0.07 mL, 0.5 mmol), and EtOH (1 mL)
was stirred at 100 °C for 24 h under 50 atm of CO pressure. The
cooled mixture was extracted with Et;0. The extract was washed
with water and dried (MgSO,). Silica gel column chromatography
gave 4d in 67% yield: n?p 1.3870; '"H NMR (CDCl,) & 1.26 (t,
J =7 Hz, 6 H), 2.10-2.90 (m, 8 H), 4.18 (q, J = 7 Hz, 4 H); °F
NMR (acetone-dg) 6 -115.2 (br 4 F), -122.4 (br, 4 F), -124.1 (br,
4 F); IR (neat) 1738 (v(C=0)) cm; MS m/e 502 (M*, 16), 457
(100), 429 (99), 402 (21), 129 (26), 123 (22), 77 (24), 55 (48), 45
(20), 29 (93). Anal. Calcd for C,gHygF1,0,: C, 38.26; H, 3.61.
Found: C, 38.15; H, 3.54.

Diethyl 4,4,5,5-tetrafluorococtanedioate (4a): n%p 1.4050;
'H NMR (CDCl,) 6 1.26 (t, J = 7 Hz, 6 H), 2.00-2.80 (m, 8 H),
4.18 (q, J = 7 Hz, 4 H); F NMR (CDCl,) 5 -137.7 (br, 4 F); IR
(neat) 1740 (»(C=0)) cm™; MS m/e 302 (M*, 8), 257 (47), 229
(15), 209 (15), 55 (60), 29 (100). Anal. Caled for C;,H;sF O, C,
47.68; H, 6.00. Found: C, 47.40; H, 6.02.

Diethyl 4,4,5,5,6,6,7,7-octafluorodecanedioate (4b): n2%,
1.3880; '"H NMR (CDCl,) 6 1.27 (t, J = 7 Hz, 6 H), 2.10-2.95 (m,
8 H), 4.18 (q, J = 7 Hz, 4 H); *F NMR (CDCl;) 6 -113.9 (br, 4
F), -122.7 (br, 4 F); IR (neat) 1738 (»(C=0)) cm™'; MS m/e 402
(M*, 6), 357 (60), 329 (31), 284 (5), 55 (53), 45 (16), 29 (100). Anal.
Caled for C H,oFsOy C, 41.80; H, 4.51. Found: C, 41.66; H, 4.58.

Diethyl 2,9-dimethyl-4,4,5,5,6,6,7,7-octafluorodecanedioate
(4e): n®p 1.3930; 'H NMR (CDCly) 6 1.25 (t, J = 7 Hz, 6 H), 1.30
(d, J = 7 Hz, 6 H), 1.90-3.10 (m, 6 H), 4.17 (q, J = 7 Hz, 4 H);
1BF NMR (CDCl,) § -119.9 (br, 4 F), -126.1 (br, 4 F); IR (neat)
1740 (»(C=0)) cm™'; MS m/e 430 (M*, 14), 385 (36), 357 (36),
269 (24), 91 (35), 47 (34), 29 (100). Anal. Calcd for CqugF504:
C, 44.66; H, 5.15. Found: C, 44.38; H, 5.11.

Diethyl 2,11-dimethyl-4,4,5,5,6,6,7,7,8,8,9,9-dodecafluoro-
dodecanedioate (4e): n?, 1.3818; 'H NMR (CDCl,) 6 1.25 (t,
J =17Hz,6 H), 1.30(d, J = 7 Hz, 6 H), 1.85-3.10 (m, 6 H), 4.18
(g, J = 7 Hz, 4 H); °F NMR (CDCl,) 5 -115.3 (br, 4 F), -123.6
(br, 4 F), ~125.7 (br, 4 F); IR (neat) 1740 (w(C=0)) cm™; MS m /e
530 (M*, 10), 485 (26), 457 (30), 429 (21), 91 (28), 73 (15), 47 (62),
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29 (100). Anal. Calcd for C,gHyFy,0¢ C, 40.77; H, 4.18. Found:
C, 40.87; H, 4.10.

4,4,5,5,6,6,7,7,8,8,9,9-Dodecafluoro-1,12-dodecanedioic Acid
(5d). A mixture of Co,(CO)g (1.64 g, 4.8 mmol), 3d (14.64 g, 24
mmol), water (8.8 mL, 488 mmol), KF (5.58 g, 96.3 mmol), and
t-BuOH (120 ml) in a 200-mL stainless steel autoclave was stirred
at 80 °C under 50 atm of carbon monoxide pressure. To the cooled
mixture was added concentrated aqueous HCl. The mixture was
extracted with Et;0. The extract was washed with water, dried
(MgS0,), and concentrated in vacuo. The residue was recrys-
tallized (Et,0/hexane) to give 5d in 94% (10.1 g) yield: mp 182
°C; 'H NMR (acetone-dg) 6 2.40 (m, 4 H), 2.7 (m, 4 H), 9.0 (br,
2 H); F NMR (acetone-dg) § -114.1 (br, 4 F), -121.3 (br, 4 F),
-123.2 (br, 4 F); IR (KBr) 3300-2800 (v(OH)), 1710 (8(C=0)) em™;
MS m/e 429 (M* - 17, 20), 402 (41), 139 (52), 131 (37), 123 (33),
109 (47), 103 (100), 77 (62), 59 (64), 55 (80), 47 (44), 45 (40). Anal.
Calced for C,H,,F1,0,: C, 32.30; H, 2.26. Found: C, 32.44; H,
2.29,

4,4,5,5-Tetrafluoro-1,8-octanedioic acid (5a): mp 204 °C;
'H NMR (acetone-dg) § 2.10-3.00 (m, 8 H); °F NMR (acetone-d;)
§-115.9 (br, 4 F); IR (KBr) 3450-3200 (»(OH)), 1710 (»(C=0))
em; MS m/e 229 (M* - 17, 7), 208 (8), 161 (10), 123 (37), 103
(100), 77 (40), 73 (40), 60 (58), 55 (78), 47 (47), 42 (42), 28 (34).
Anal. Caled for CioHyoFy,04 C, 32.30; H, 2:26. Found: C, 32.44;
H, 2.29.

4,4,5,5,6,6,7,7-Octafluoro-1,10-decanedioic acid (5b): mp
187-187.5 °C; 'H NMR (acetone-dg) & 2.15-2.90 (m, 8 H), 11.0
(br, 2 H); °F NMR (acetone-dg) 6 -114.4 (br, 4 F), -123.3 (br, 4
F); IR (KBr) 3300-2800 (»(OH)), 1720 (v(C=0)) cm™; MS m/e
329 (M* - 17, 11), 302 (8), 123 (23), 109 (31), 103 (86), 77 (56),
73 (41), 59 (48), 55 (100), 47 (51), 45 (41). Anal. Calcd for
CioH,oFsOs C, 34.70; H, 2.91. Found: C, 34.53; H, 2.85.

2,9-Dimethyl-4,4,5,5,6,6,7,7-octafluoro-1,10-decanedioic acid
(5¢): mp 1660168 °C; 'H NMR (acetone-dg) § 1.33 (d, J = 8 Hz,
6 H), 1.60-3.10 (m, 6 H), 10.8 (br, 2 H); F NMR (acetone-dy)
§-113.4 (br, 4 F), -123.7 (br, 4 F); IR (KBr) 3300-2800 (»(OH)),
1715 (»(C=0)) cm!; MS m/e 357 (M* - 17, 8), 330 (7), 153 (27),
137 (17), 111 (23), 103 (18), 99 (17), 95 (18), 91 (67), 89 (52), 87
(34), 77 (24), 73 (68), 69 (41), 61 (27), 59 (22), 47 (65), 45 (45), 28
(60), 18 (100)- Anal. Caled for ClequO‘: C, 38.51; H, 3.71.
Found: C, 38.38; H, 3.69.

2,11-Dimethyl-4,4,5,5,6,6,7,7,8,8,9,9-dodecafluoro-1,12-do-
decanedioic acid (5e): mp 149.5-151 °C; 'H NMR (acetone-dg)
6 1.33 (d, J = 8 Hz, 6 H), 1.60-3.10 (m, 6 H), 11.0 (br, 2 H); *F
NMR (acetone-dg) 6 -113.2 (br, 4 F), -121.6 (br, 4 F), -123.7 (br,
4 F); IR (KBr) 3300-2800 (v(OH)), 1710 (»(C=0)) em™; MS m/e
457 (M* - 17, 2), 430 (14), 183 (21), 153 (22), 133 (22), 121 (32),
91 (60), 87 (30), 73 (75), 47 (100), 45 (37), 28 (34). Anal. Calcd
for C, H,,F,0,: C, 36.46; H, 2.98. Found: C, 35.56; H, 2.99.

3,3,4,4,5,5,6,6,7,7,8,8-Dodecafluoro-1,10-diisocyanatodecane
{8c). A solution of 5d (0.892 g, 2 mmol) and SOCl, (2 mL) was
refluxed for 2 h under Ar. Excess SOCl; was then evaporated
in vacuo to provide 4,4,5,5,6,6,7,7,8,8,9,9-dodecafluoro-1,12-do-
decanedioy! dichloride (8¢) in quantitative yield. To a toluene
(2 mL) solution of 6¢c was added a mixture of HN, (1.3 M, 3.1
mL, 4 mmol) and pyridine (0.33 mL, 4 mmol) in toluene (3 mL)
at 0 °C. The solution was stirred for 15 min at 0 °C. The pyridine
hydrochloride that precipitated was removed by filtration. Excess
HN; was evaporated from the filtrate in vacuo (20 mmHg) over
1 h to give a toluene (~5 mL) solution of 4,4,5,5,6,6,7,7,8,8,9,9-
dodecafluoro-1,12-dodecanedioyl diazide (7¢). The toluene so-
lution 8o obtained was heated at 95 °C for 1 h. After evaporation
of the toluene, 8¢ was obtained in 64% overall yield (0.565 g).

6c: 'H NMR (CDCly) 4 2.45 (tt, J = 18 and 7 Hz, 4 H), 3.24
(t,J = 7 Hz, 4 H); IR (KBr) 1785 (»(C=0)) cm.

7c: IR (KBr fixed cell, toluene) 2145 (»(Ny)) and 1722 (»(C=0))
cml,
8c: 'H NMR (CDCl,) 4 2.40 (tt, J = 18 and 7 Hz, 4 H), 3.65
(t, J = 7 Hz, 4 H); °F NMR (CDCl,) 6 -114.7 (br, 4 F), -122.2
(br, 4 F), -124.1 (br 4 F); IR (KBr) 2270 (#(N=C=0)) cm™!; MS
mje 441 (M* + 1, 1), 384 (2), 56 (100). Anal. Calcd for
CoHgF1aN,Oy: C, 32.74; H, 1.83; N, 6.36. Found: C, 32.74; H,
1.83; N, 6.56.

3,0,4,4-Tetrafluoro-1,6-diisocyanatohexane(8a): 'H NMR
(CDCly) 6 2.37 (tt, J = 18 and 7 Hz, 4 H), 3.64 (t, J = 7 Hz, 4 H);
¥F NMR (CDCly) 6 -115.2 (br, 4 F); IR (KBr) 2275 (#(N=C==0))

-1

em; MS m/e 241 (M* + 1, 1), 184 (16), 56 (100). Anal. Caled
for CgHgF N,Op: C, 40.01; H, 3.36; N, 11.66. Found: C, 40.19;
H, 3.27; N, 11.36.

3,3,4,4,5,5,6,6-Octafluoro-1,8-diisocyanatooctane (8b): 'H
NMR (CDCl,) 6 2.41 (tt, J = 18 and 7 Hz, 4 H), 3.66 (t, J = 7
Hz, 4 H); °F NMR (CDCl;) 6 -114.9 (br, 4 F), -124.1 (br, 4 F);
IR (KBr) 2280 (v(N=C=0)) cm™; MS m/e 341 (M* + 1, 1), 284
(2), 56 (100). Anal. Caled for C,oHgFgN,O,: C, 35.31; H, 2.37;
N, 8.24. Found: C, 34.95; H, 2.44; N, 8.63.

4,4,5,5,6,6,7,7,8,8,9,9-Dodecafluoro-N,N"-di- tert -butyl-
1,12-dodecanediamide (9). To an Et,O (4 mL) solution of 6¢
(483 mg, 1 mmol) was added ¢-BuNHj; (4 equiv). The solution
was stirred for 30 min at room temperature. The solution was
then washed with water and dried (MgSO,). Purification by silica
gel column chromatography (CHCl;/EtOAc, 1:1) provided 9 in
77% yield: mp 163 °C; 'H NMR (CDCly) 6 1.35 (s, 18 H), 2.10-2.70
(m, 8 H), 5.25 (br, 2 H); *F NMR (CDCl) 6 -114.8 (br, 4 F),-122.3
(br, 4 F), -124.1 (br, 4 F); IR (KBr) 3340 (»(NH)), 1650 (»(C=0))
cm™; MS m/e 556 (M*, 3), 485 (2), 58 (100), 57 (18). Anal. Caled
for CooHgeF1oN,04: C, 43.17; H, 5.07; N, 5.03. Found: C, 43.15;
H, 5.16; N, 4.95.
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The synthesis of novel organophosphorus compounds
remains important owing to their widespread use as
agrichemicals,! biochemicals,? antisense oligonucleotides,®
chemical reagents, and transition-state analogues.* Yet,
the labile nature of certain functional groups appended
to the phosphorus atom makes several classes of organo-
phosphorus compounds difficult to prepare.

Phosphorothiolates 2 (Figure 1) are impurities that are
found in commercial thiophosphoryl insecticides 1.2
Phosphorothiolates were found to be far more potent in-
hibitors of acetylcholinesterases than the parent phos-
phorothionates,’ suggesting these materials could pose a
risk to public health. A reliable and flexible synthesis of
these impurities is needed to aid in the overall evaluation
of their toxic action. Moreover, a method that would
permit the preparation of chiral phosphorothiolates would
be a worthy secondary aim. Several chiral phosphorus
ester syntheses have been reported.’
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