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values of Jg_g, and the relative chemical shifts together with
the experimental transitions were then iterated with use of
ITRACL to give the best fit for the experimentally observed set
of transitions. Root-mean-square errors of less than 1.0 Hz
were achieved in one or two iterations.
Variable-temperature studies were carried out with use of
a Bruker temperature controller. Temperatures were measured
with a copper—constantan thermocouple inserted directly into
the sample region of the probe and were accurate to 1 °C.
Laser Raman Spectroscopy. A Spectra Physics Model 164
argon-ion laser giving up to 900 mW at 5145 A was used to
excite the Raman spectra. The spectrometer was a Spex
Industries Model 14018 double monochromator equipped with
1800 groves/mm Holographic gratings. An RCA C31034
phototube detector in conjunction with a pulse count system
consisting of pulse amplifier, analyzer, and ratemeter (Hamner
NA-11, NC-11, and N-780A, respectively) and a Texas In-
struments Model FSOZWBA strip chart recorder were used
to record the spectra. The spectrometer was periodically

calibrated by recording the discharge lines from an argon lamp
over the spectral range of interest; the Raman shifts quoted
are estimated to be accurate to £1 cm™. Slit widths depended
on the scattering efficiency of the sample, laser power, etc.,
with 1.3 cm™ being typical.

Cylindrical sample tubes were mounted vertically. The
angle between the incident laser beam and the sample tube
was 45°, and Raman scattered radiation was observed at 45°
to the laser beam or 90° to the sample tube direction.

Low-temperature spectra were recorded at —-196 °C by
mounting the sample vertically in an unsilvered Pyrex glass
Dewar filled with liquid nitrogen.

Registry No. XCOTCF5+ASF6—, 27680‘14'4, XCOTCF5+Sb2F”-,
77079-64-2; XeFyBrOF,*AsF, 77071-47-7; FXeFXeOTeF;*,
77079-65-3; XeOSO,F*, 77070-48-5; Xe(OTeFs),, 25005-56-5; SbFs,
7783-70-2; BrFs, 7789-30-2; HOSO,F, 7789-21-1; BrOF,*, 62521-
26-0; BrOF;, 61519-37-7; (FXe),F*, 37366-73-7; HOTeF;, 57458-
27-2; Xe(OSO,F),, 25523-77-7; XeF*, 47936-70-9; TeF,, 7783-80-4;
AsFs, 7784-36-3.
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Efficient, one-step scalable syntheses of uranium hexamethoxide, U(OCHj)q, starting from readily available UF; and NaOCH;;
or CH;Si(OCH,;); are described. In addition, the reaction of appropriate quantities of (CH,),SiOCH; or U(OCHj,), with
UF, produces a series of mixed methoxyuranium(VI) fluorides, U(OCHj3),Fs_,, # = 1-5, the degree of substitution being
determined by control of stoichiometry. Characterization of the complexes by both 'H and '°F NMR indicates that all
the species possess a monomeric, six-coordinate geometry and undergo rapid, intermolecular ligand exchange. A surprisingly
large solvent and temperature dependence of the '°F chemical shifts is interpreted in terms of charge-transfer complex
formation. The solution-phase electronic spectrum of U(OCHj), is interpreted in terms of both ligand- and solvent-to-metal

charge transfer.

Introduction

High-valent uranium alkoxides! are of current interest as
organic medium-compatible precursors for new uranium
compounds? and as subjects for isotopically selective infrared
photochemical studies.>* In particular, our recent success in
laser-induced uranium isotope separation* using uranium
hexamethoxide, U(OCH,)s, prompted the development of
efficient syntheses for uranium hexaalkoxides and the related

(1) (a) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. P. “Metal Alkoxides”;
Academic Press: New York, 1978. (b) Bradley, D. C. Adv. Inorg.
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Chem. 1978, 17, 2967.
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Abstr. 1978, 89, 170739¢. (b) Marks, T. J.; Weitz, E.; Miller, S. S.;
Ernst, R. D,; Day, V. W.; Secaur, C. A. “Abstracts of Papers”, 173rd
National Meeting of the American Chemical Society, New Orleans,
LA, March 1977; American Chemical Society: Washington, DC, 1977,
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(4) (a) Miller, S. S. Ph.D. Dissertation, Northwestern University, Evanston,
IL, 1980. (b) Miller, S. S.; DeFord, D.; Marks, T. J.; Weitz, E. J. Am.
Chem. Soc. 1979, 101, 1036. (c) Cuellar, E. A.; Miller, S. S.; Teitel-
baum, R. C.; Marks, T. J.; Weitz, E., submitted for publication.

mixed methoxyuranium(VI) fluorides, as well as a detailed
exploration of their chemical and physicochemical properties.
Although the hexaalkoxides have been known for some time,*
the existing syntheses are tedious and inefficient, typically
requiring five steps starting from UCl,.*® Also, little has been
reported concerning the spectroscopic properties of these
materials. We report here simple, one-step syntheses of U-
(OCHj;),¢ starting from UF,. Other hexaalkoxides are then
readily accessible by transalkoxylation!® (eq 1). We also

U(OCH;)¢ + excess ROH — U(OR)¢ + 6CH,;OH ¢))

report here the syntheses of the new methoxyfluorouranium-
(VI) series U(OCH,),F,, n = 1-5. The interesting properties
we demonstrate for these species include rapid intermolecular
ligand exchange and an unusually large solvent and temper-
ature dependence of the '°F chemical shifts. The electronic
spectrum of U(OCH;)¢ and optical absorption trends of the
U(OCH,;),Fe, series are interpreted on the basis of the known

(5) (a) Jones, R. G.; Bindschadler, E.; Blume, D.; Karmas, G.; Martin, G.
A., Jr; Thirtle, J. R.; Yoeman, F. A.; Gilman, H. J. Am. Chem. Soc.
1956, 78, 6030. (b) Bradley, D. C.; Chatterjee, A. K. J. Inorg. Nucl.
Chem. 1959, 12, 71,
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electronic structures of UF, and UClg and optical absorption
trends of mixed-metal halides and the W(OCH,;),Cl,_, series.

Experimental Section

All sample manipulations and preparations were carried out either
under high vacuum on a grease-free vacuum line or under an at-
mosphere of prepurified nitrogen, with the use of standard vacuum-line
and Schlenk techniques® and a Vacuum Atmospheres Corp. HE-43-2
“Dri-Lab” glovebox fitted with a HE-193-1 “Dri-Train” atmosphere
recirculating unit. All solvents were freshly distilled under an at-
mosphere of prepurified nitrogen from the appropriate drying agents.’
Uranium hexafluoride (Allied Chemical) was sublimed under reduced
pressure from the shipping cylinder into a cooled, flame-dried Pyrex
tube fitted at one end with a Kontes Teflon stem valve. The UF could
be stored safely at room temperature over sodium fluoride for a
prolonged period (>1 year). The manipulation and reactivity of UF;
are described in detail elsewhere.! Sodjum methoxide was prepared
from sodium and dry methanol. Methoxymethylsilanes were either
purchased from Petrarch Systems or prepared from the appropriate
chloromethylsilanes (Aldrich Chemical Co.) and NaOCH,.!* 'H
NMR spectra were recorded on Perkin-Elmer R-20B (60 MHz, CW)
or Varian CFT-20 (80 MHz, FT) spectrometers. '°F NMR spectra
were recorded on a JEOL FX-90Q FT instrument operating between
84.31 and 84.38 MHz. Serum-capped 10-mm Pyrex NMR tubes
(Wilmad 513-5PP) with concentric 4- or 5-mm Pyrex inserts centered
with a notched Teflon collar and containing acetone-d as the deu-
terium lock were used for the '°F studies. The !°F chemical shifts
are reported in ppm and were found by dividing the difference in
resonance frequencies between the compound of interest and neat
CFCl; (at the appropriate temperature) by 84.36. We find that neat
CFClj; resonates at 94094 005 £ 1 Hz at 20 °C with respect to 0.5%
internal (CH;),Si at 100 MHz, in good agreement with the value
reported by Brownstein and Bornais.” Infrared spectra were recorded
on Perkin-Elmer 267 or 283 spectrometers using Nujol mulls on KBr
plates. Mass spectra were recorded on Hewlett-Packard 5930A or
5985 spectrometers. Electronic spectra were recorded on a Cary 17D
spectrophotometer using a 1-cm path length anaerobic quartz cell.
Repetitive scans and deliberate exposure of the sample to air were
carried out to ascertain their effect on the optical spectra. No in-
dication of sample decomposition could be detected. Melting points
were determined in sealed, nitrogen-filled capillaries and are un-
corrected. Elemental analyses and molecular weight determinations
were performed by Dornis and Kolbe Microanalytical Laboratories,
Miilheim a. d. Ruhr, West Germany.

Synthesis of U(OCH;)s. Method A. A 9.36-g (26.2-mmol) quantity
of UFg was freshly sublimed into a reaction vessel held at -78 °C.
A 150-mL quantity of CH,Cl, was then added and the UF; dissolved.
This solution was slowly introduced into a stirred suspension of 9.0
g (170 mmol) of NaOCH; in 250 mL of CH,Cl, at 78 °C through
a stainless-steel cannula under a positive nitrogen pressure. The deep
red-brown reaction mixture was allowed to warm slowly to 0 °C (ca.
1.5 h), and the resulting deep red solution was stirred for an additional
1.5 h to ensure complete reaction. The solid residue was filtered off
and the CH,Cl, removed from the dark red filtrate in vacuo to yield
an oily red solid. The solid was dissolved in 50 mL of pentane and
refiltered. The pentane was then removed in vacuo, leaving 4.6 g (42%)
of extremely moisture-sensitive purple-red platelets. The product can
be recrystallized from pentane at ~130 °C; mp 70-72 °C (lit.* mp
62-64 °C). The comgound readily sublimes (with minor decompo-
sition) at 30 °C (10 mm).

Anal. Caled for CgH,306U: C, 16.99; H, 4.28; mol wt 424. Found:
C, 17.21; H, 4.25; mol wt 472 (cryoscopic in benzene).

(6) Shriver, D. F. “The Manipulation of Air-Sensitive Compounds™;
McGraw-Hill: New York, 1969.

(7) P,O; for CCl,, CFCl;, CHCIl,;, CH,Cl,, and CH,Cl; Na-K/benzo-
phenone for p-dioxane, THF, ethyl ether, toluene, and pentane; Mg for
CH;0H. (a) Vogel, A. 1. “Textbook of Practical Organic Chemistry”,
4th ed.; Furniss, B. S., Hannaford, A. J., Rogers, V., Smith, P. W. G,,
Tatchell, A. R., Eds.; Longmans, Green and Co.: London, 1978; pp
264-279. (b) Jolly, W. L. “The Synthesis and Characterization of
Inorganic Compounds”; Prentice-Hall: Englewood Cliffs, NJ, 1970; pp
114-121.

(8) (a) Canterford, G. H.; O’'Donnell, T. A. Tech. Inorg. Chem. 1968, 7,
273-306. (b) Wilson, P. W. Rev. Pure Appl. Chem. 1972, 22, 1. (¢)
Olah, G. A.; Welch, J. J. Am. Chem. Soc. 1978, 100, 5396.

(9) Brownstein, S.; Bornais, J. J. Magn. Reson. 1980, 38, 131.
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Infrared spectrum (Nujol solution, em™): 1051 s, 465 s.

Mass spectrum (10 eV): strong m/e values at 393, U(OCH,)S ;
362, U(OCH,),*; 347, UO(OCH, 3t 332, UOz(OCHg)z ; 331,
U(OCH,),*; 316, UO(OCH,),*; 301, UO,(OCH,)*; 300, U-
(OCH,),*; 285, UO(OCHy)*; 270, UOZ*.

Method B. To 5.0 mL (35 mmol) of CH;Si(OCHj,); in 250 mL
of CH,Cl; at -95 °C was added 5.28 g (15 mmol) of UF; dissolved
in 150 mL of CH,Cl, as above. The workup and purification procedure
described in method A was then followed, yielding 4.58 g (72%) of
purple-red platelets.'?

Synthesis of U(OCH;),F¢_,, n = 1-5. The individual mixed me-
thoxyuranium(VI) fluorides were prepared as dilute solutions by mixing
the appropriate stoichiometric quantities of UF4 with either (C-
H,);SiOCH; or U(OCHj;); at low temperature in halogenated hy-
drocarbon solvents. The thermal characteristics and intermolecular
ligand-exchange reactions (vide infra) exhibited by these compounds
necessitated characterization by low-temperature 'H and *F NMR
spectroscopy. Only U(OCH,)sF was isolated. The typical procedures
utilized in preparing the U(OCH,),F,_, species are illustrated for
U(OCH;)F;s!! and U(OCHj;)sF below.

I. U(OCH;)F;. Method A. To 0.50 g (1.4 mmol) of UF dissolved
in 50 mL of CFCl; at -78 °C was added a solution of 0.20 mL (1.4
mmol) of (CHj,);SiOCH; dissolved in 50 mL of CFCl; at —78 °C.
Reaction was immediate to form a red-brown solution, which de-
composed rapidly above approximately -60 °C.

Method B. To 0.05 g (0.12 mmol) of U(OCH,), dissolved in 10
mL of CFCl; at 78 °C was added 8.4 mL of a solution of 0.5 g (1.4
mmol) of UF; dissolved in 20 mL of CFCl; at —78 °C. Reaction was
immediate to form U(OCH;)Fs. Alternatively, a U(OCH,) solution
can be added to the UF;.

II. U(OCH;)sF. A CH,Cl; solution of U(OCH;)F was prepared
by either method A or method B above for U(OCH,)Fs. Removal
of the CH,Cl, in vacuo left a red oil. This was dissolved in pentane,
the solution filtered, and the filtrate cooled to —130 °C to yield a red
crystalline solid. The solvent was syringed off and the solid dried under
vacuum. A chemical analysis was not obtained due to significant
sample decomposition after 1 day at 25 °C.

Mass spectrum (10 eV): strong m/e values at 393, U(OCH,),*;
381, U(OCH,),F*; 362, U(OCHj;),*; 350, U(OCH;);F*; 347, UO-
(OCH3)3+; 332, UO;(OCH3)2+; 331, U(OCH3)3+, 319, U(OCH3)2F+;
304, UO(OCH,;)F*; 301, UO,(OCH;)*; 300, U(OCH;),*; 289,
UO,F*; 288, U(OCH,)F*; 285, UO(OCH,)*; 273, UOF*; 270, UO,™%;
269, U(OCH,)*.

Infrared spectrum (Nujol solution, cm™): 1041 br, s; 607 br, w;
459 br, s.

Results
Synthesis, Optical Spectra, and Thermal Stability. Uranium
hexamethoxide can be prepared in a single step by the reaction
of UF¢ with either of the methoxylating reagents NaOCH,
and CH;Si(OCHj;); at low temperature in halogenated hy-
drocarbon solvents, as shown in eq 2 and 3. The methoxy-
UF; + 6NaOCH3 U(OCH3)6 + 6NaF (2)

-78

UF6 + 2CH3Si(OCH3)3 CH,CL, U(OCH3)6 + 2CH3$1F3
(3)
fluorouranium(VI) complexes, U(OCH;),Fs_,, n = 1-5, can

be prepared in a similar manner as shown in eq 4 and 5.

-78 °C
UF6 + n(CHg)gslocHg m

U(OCH,),F,_, + n(CH,);SiF (4)

-78 °C

Js CH,Cl,
(1 + n)U(OCH;)gn/14mFe/c4m (5)

UF¢ + nU(OCH

(10) Occasionally the crystals isolated by this procedure appear ‘“damp” and
are not free flowing. Redissolving the crystals in 50 mL of pentane,
adding ~1 mL CH;Si(OCH};)s, and stirring at 0 °C overnight followed
by filtering and recrystallization at ~130 °C then give a pure product.

(11) Vergamini, P. J. J. Chem. Soc., Chem. Commun. 1979, 54.
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Figure 1. Electronic spectrum of U(OCH,)¢ in CH,Cly: (A) ~1
X 10* M; (B) ~1 %1072 M; (C) 5.5 % 107 M; (D) base line.

Reacting methanol with UFg as previously reported for U(O-
CH,)F,!! did not yield any of the other members of the series.
All of the complexes are extremely moisture sensitive.

The members of the U(OCH3),Fs_, series exhibit interesting
optical characteristics, ranging from colorless through amber,
orange, and finally red for 0.01 M CFCl; solutions of UFj,
U(OCH;)Fs, U(OCH,),F,, and U(OCH,), respectively.
Concentrated solutions of all the species are deep red, except
UFs, which is colorless. Assuming that the electronic struc-
tures of the U(OCH3),F¢., compounds are similar to that of
UF,,'? the colors noted above can be attributed to the tail of
the optical absorption by O,, — Us; ligand-to-metal charge-
transfer (LMCT) transitions. On the basis of the optical
electronegativities!? of fluoride (3.9'3) and that estimated for
methoxide (~3.0-3.5!314), the observed color trend is con-
sistent with the optical spectra of a number of mixed-metal
halides,'* where the LMCT bands systematically shift to lower
energy as the number of less optically electronegative halide
ligands bound to the metal increases.

The electronic spectrum of U(OCHj,),, which has never been
reported, is shown as a CH,Cl, solution in Figure 1. The
spectrum exhibits four unresolved absorption maxima at 300,
340 (e =~ 3500 = 2500), 430 (¢ ~ 100), and 580 nm (¢ ~ 120
+ 80). Because of the severe overlap of these transitions, the
extinction coefficients are only approximate. On the basis of
the estimated optical electronegativity of the methoxide lig-
and,'>!“ optical absorption trends in the W(OCHS3),Cl,_,'
series, and the diffraction-determined local O symmetry of
the U—O framework in U(OCH,),,” it is reasonable to expect
the LMCT transitions of U(OCH ;)¢ to be of energy inter-
mediate between those of UF, (weak absorption from 360 to
400 nm (e ~ 10); much stronger absorption beginning at <340
nm)!'%!® and UCI, (weak absorption from 480 to 510 nm; much

(12) (a) Case, D. A; Yang, C. Y. J. Chem. Phys. 1980, 72, 3443, (b)
Boring, M.; Wood, J. H. Ibid. 1979, 71, 32. (c) Boring, M.; Hecht, H.
G. Ibid. 1978, 69, 112. (d) McDiarmid, R. Ibid. 1976, 65, 168.

(13) (a) Jorgensen, C. K. Prog. Inorg. Chem. 1970, 12, 101. (b) Lever, A.
B. P. “Inorganic Electronic Spectroscopy”; Elsevier: Amsterdam, 1968;
Chapter 8.

(14) We employ xo(OH") as a reasonable approximation to xqu(OCH;").

(OH") is estimated to lie between xq(Cl") (3.0) and xq,.ﬁ'l;O) 3.5)

on the basis of the observed and calculated values of the thermochemical
electronegativity of the OH™ group (Huheey, J. E. “Inorganic Chem-
istry: Principles of Structure and Reactivity”, 2nd ed.; Harper and Row:
New York, 1978; pp 159-173, 178-180) as well as LMCT energies of
analogous ligands.!

(15) Jergensen, C. K. In “Halogen Chemistry”; Gutman, V., Ed.; Academic
Press: London, 1967; Vol. I, pp 265-401.

(16) Handy, L. B,; Sharp, K. G.; Brinckman, F. E. Inorg. Chem. 1972, 11,
523.

(17) Single-crystal X-ray diffraction determination: Day, V. W.; Day, C.
S.; Miller, S. S.; Marks, T. J.; Weitz, E., unpublished results.
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Figure 2. 'H FT NMR spectra of U(OCH,),F¢_, compounds as 1-5
mM solutions in CD,Cl,/CDCl, (2:1) at -80 °C. The peak at § 7.30
marked with an X is CHCI,. Spectrum A shows the result of adding
~0.35 equiv of U(OCH,;)¢ to 1 equiv of UF. Spectra D, C, and B
illustrate the successive addition of UFg to U(OCH,).

stronger absorption beginning at 400 nm).'*?* The solution
spectrum of U(OCH3;)¢ is in general agreement with this
prediction, except for the weak absorption at ~580 nm (Figure
1), which appears to be too low in energy to be ascribed to
an intramolecular LMCT transition, on the basis of the pre-
ceding arguments. This absorption may be due to charge-
transfer interactions with the solvent (vide infra).?! Analogous
low-energy transitions (absent in gas-phase spectra) have been
similarly assigned in the electronic spectra of UF; solutions.2!d
Due to the thermal instability of the non-U(OCH,)s members
of the series, their electronic spectra were not investigated.

While the decomposition of U(OCH;); is only slight over
prolonged periods at 0 °C in the absence of light,?? thermal
stability progressively decreases as the number of fluorine
atoms per U(OCH,),F¢_, molecule increases. Thus, methylene
chloride solutions of U(OCH;)sF undergo little decomposition
at 20 °C over a period of several hours, while methylene
chloride solutions of U(OCH;)Fs decompose rapidly above
approximately —60 °C. The exact nature of the decomposition
products was not investigated. The complexes where n = 1-3
give a clear, colorless solution and a green precipitate upon
warming to room temperature. However, when n = 4 or 5,
the solutions remain red at room temperature and precipitates
ranging in color from light green through beige slowly deposit.
The 'H NMR spectra at 34 °C of the latter samples as fresh
0.5-1.0 M solutions in CDCl; exhibit a single, broadened
resonance at 6 8.2 (£0.1) when n = 4 and at 6 8.0 (£0.1) when
n = 5 due to intermolecular ligand exchange (vide infra). As
the decomposition progresses, this resonance gradually moves

(18) Lewis, W. B.; Asprey, L. B;; Jones, L. H.; McDowell, R. S.; Rabideau,
S. W.; Zeltmann, A. H. J. Chem. Phys. 1976, 65, 2707.

(19) Hurst, H. J.; Wilson, P. W. Spectrosc. Lett. 1972, 5, 275.

(20) Thornton, G.; Edelstein, N.; Résch, N.; Egdell, R. G.; Woodwark, D.
R. J. Chem. Phys. 1979, 70, 5218.

(21) (a) Burkardt, L. A,; Hammond, P. R.; Knipe, R. H.; Lake, R. R. J.
Chem. Soc. A 1971, 3789. (b) Hammond, P. R.; Lake, R. R. Ibid.
1971, 3800. (c) Hammond, P. R.; Lake, R. R. Ibid. 1971, 3806. (d)
Hammond, P. R.; McEwan, W. S. /bid. 1971, 3812. (e) Hammond,
P. R,; Lake, R. R. Ibid. 1971, 3819. (f) Hammond, P. R. Ibid. 1971,
3826.

(22) Thermal degradation does not become significant until approximately
40 °C. Although not extremely light sensitive, U(OCH,)¢ decompo-
sition is accelerated by fluorescent lights or sunlight.
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Table I. NMR Spectral Data for U(OCH,),F,_,, Complexes

compd NMR system? 'H chem shift® 1%F chem shift® YF chem shiftd
UF, X, 766.5 764.3
U(OCH,)F, M, VX, 12.13 690.3 (F,)! 706.2 (F,)
621.2 (F,) 643.5 (F,)
¢is-U(OCH,),F, M,),V,X, 10.73 578.1 (F i
512.5 (F )"
trans-U(OCH,), F, (A,), X, 9.29 512.5 542.8
fac-U(OCH,),F, M,),V, 9.50¢ 483.0 i
mer-U(OCH,), F, (A,),M, VX, 9.57 (Hy) 486.5 (F F 526.7 (F )¢
8.79 (H,) 418.2 (F, ¥ 459.6 (F,
¢is-U(OCH,), F, (A,),(M,),V, 9.01 (Hyp) 397.4 453.2
8.42 (Hy)
trans-U(OCH, ), F, (A)).X, 8.32 337.8 385.3
U(OCH,),F (A))M,V 8.37 (Hyp) 330.5 388.2
8.02 (Hy,)
U(OCH,), (A,), 7.74

9 Key: A, methoxide ligand trans to a methoxide ligand; M methoxide hgand trans to a fluoride ligand; V, fluoride ligand trans to a meth-
oxide ligand; X, fluoride ligand trans to a fluoride ligand. Chemxcal shifts in ppm downfield from internal (CH;),Si. Recorded on 1-5 mM
solutions in CD,Cl2 /CDCI, (2:1) at —80 °C; estimated uncertainty of +0.04 ppm. ¢ Chemical shlfts in ppm downfield from external CFCl,.
Recorded on CH,Cl, solutions at —80 °C that were 10 mM; estimated uncertainty of 0.2 ppm. 9 Recorded on CFCl, solutions at ~80 °C
that were 10 mM and referenced to CFCl, ; estimated uncertainty of +0.3 ppm. € Shoulder. /Jp_p=17.0 £ 2.5 Hz.  # Jp_p not observed.

h Assumed degenerate with trans-U(OCH,), F, resonance. i Isomer not observed.

upfield, ultimately (2-3 days) coinciding with that of U(OC-
H;)s. u

NMR Studies. Characterization and Structure. Because .
of rapid, intermolecular ligand exchange (vide infra) and
thermal instability, it was necessary to characterize the U-
(OCH,),F;., complexes by NMR spectroscopy on dilute so-
lutions (1-15 mM) at —80 °C. The 'H and 'F NMR spectra A
of the members of the U(OCH,),F,_, series are presented in
Figures 2 and 3, respectively. Resonance positions are com-
piled in Table I. The spectra shown illustrate the mixing of ULFy —
U(OCH,)4 and UF; solutions. Through careful control of 7
stoichiometry, complexes containing 1-5 methoxy ligands can 8 l
be prepared.

The NMR spectral results are consistent with a monomeric,
quasi-octahedral geometry for all members of the U-
(OCH,),F,_, series as already established for UF¢?* and U-
(OCH,);.!" In addition, all possible isomers are observed in
CH,Cl,. As an aid in the assignment of the spectra, the
chemical shift of each resonance in CH,Cl, is presented
(Figure 4) in Dean-Evans plots* (eq 6). Here 8(Z) is the et v

&Z) = pC+qT (6

resonance position of a particular ligand Z, p and g are the
number of fluorine atoms cis and trans to Z respectively, and
C and T are parameters characteristic of the ligand Z. As 0
with similar Plots for SnL,F, 72 WCLF, ,,,2’ w-
(OCH,),F.,'% Te(OH),Fs,,2 and U(OTeFs),Fq . both
the fluorine and proton resonances in the present case fall on
two smooth curves: one where Z is trans to a fluorine ligand
and one where Z is trans to a methoxy ligand. These empirical
relationships allow for a consistent interpretation of the spectral
data in high-symmetry cases where each isomer of a given £

species is only expected to exhibit a single resonance. For +
example, U(OCH,;),F, exists as both the cis isomer (approx-
imate C,, symmetry) and the trans isomer (approximate Dy,
symmetry); therefore each will exhibit a single proton reso-
nance (Figure 2). Only assignment of the low-field resonance

trons-ULoF,

mar =ULoFy

roe=ULsFy

as~UL 4Fp rem~UL 4F5

ULsF

i A N N . | . ]
om 800 700 600 500 400 300
Figure 3. '’F FT NMR spectra of U(OCH,),F,_, compounds as 10
mM solutions in CH,Cl, at =80 °C. Spectrum B shows the result
of adding ~0.3 equiv of U(OCH3;); to 1 equiv of UF,. Spectra E,

(23) Levy J. H; Taylor, J. C.; Wilson, P. W. J. Chem. Soc., Dalton Trans.
1976, 219.

(24) (a) Dean,P A. W, Evans, D. F. J. Chem. Soc. A 1968, 1154. (b) L
= OH", OCH, ,OEt O-n-Pr~. (¢) L = CI, Br, I, NCO~, NCS~,
NCSe~,

(25) Fraser,G W Gibbs, C. J. W.; Peacock, R. D. J. Chem. Soc. A 1970,
1708.

(26) Naoble, A. M.; Winfield, J. M. J. Chem. Soc. A 1970, 2574.

(27) Elgad, U,; Selig, H. Inorg. Chem. 1975, 14, 140.

(28) Seppelt, K. Chem. Ber. 1976, 109, 1046.

D, and C illustrate the successive addition of UF, to U(OCH,).

as the cis isomer will lead to smooth curves in Figure 4.
Additional support for the spectral assignments comes from
studies of isomer distribution as a function of solvent polarity.
Thus, the more polar members of the trifluoro and tetrafluoro
isomer pairs fac-U(OCH;);F, and cis-U(OCH, %F4 are fa-
vored in polar CH,Cl, (Figure 3, (20 °C) = 9.14%), are less
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Figure 4. Plots of 6(Z) vs. number of fluorines cis to resonant Z in
the series U(OCH;),Fe,: upper diagram, Z = H; lower diagram,
Z = F. In both diagrams the upper curve is for molecules containing
a fluorine atom trans to Z, ¢ = 1; the lower curve is for molecules
containing a methoxy group trans to Z, ¢ = 0.

favored in less polar CHCl;/CH,Cl, (Figure 2, e(CHCl,, 25
°C) = 4.89%), and are not observed in CFCl; (Table I, ¢(20
°C) = 2.27%).

NMR Studies. Intermolecular Exchange Reactions. Low-
temperature 'H NMR spectra of a 0.18 M solution of U(O-
CH,)F (Figure 5) exhibit the 4:1 methoxide resonance pattern
expected for a Cy, quasi-octahedral geometry. That the ligand
exchange observed at higher temperatures is predominantly
intermolecular in character is confirmed by dilution experi-
ments (the exchange-broadened line shapes revert to the
slow-exchange-limit pattern). Small quantities of both
trans-U(OCH,),F, and U(OCHj;) are also observed. Figure
6 shows the temperature dependence of a mixture (ca. 0.02
M total) of U(OCH,),F, and U(OCHj;);F; again, rapid ligand
exchange is observed. These observations indicate solution
equilibria such as those in eq 7 and 8, where L = OCH,;.

2ULSF = ULF, + UL %)
UL,L’F + UL,L"F, = ULLL’F + UL,L'F, (8)

These processes interconvert both compounds and isomers.
Isomer interconversion is not observed in the absence of com-
pound interconversion. Still lower concentrations, in the range
of 5 mM, are necessary to resolve the respective isomers of
a mixture of U(OCH,),F; and U(OCH,;),F,. Similar pro-
cesses are observable in the fluorine NMR spectra.

NMR Studies. Solvent and Temperature Effects on the '°F
Chemical Shift. Solvent effects®® are typically described as

(29) Landolt-Bdrnstein. “Zahlenwerte und Funktionen”, 6th ed.; Spring-
er-Verlag: Berlin, 1959; Vol. II, Part 6, pp 665-686.
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Figure 5. Variable-temperature 'H FT NMR spectra of U(OCH,)F
as a 0.18 M solution in CDCl;. The resonances at 6 8.32 and 7.75
are due to small quantities of trans-U(OCH,),F, and U(OCHj,),
respectively. The peak marked with an X is CHCl,.

ABI.S

26°C x

Figure 6. Variable-temperature 'H FT NMR spectra of a mixture
of U(OCH;)F, and U(OCHj,)sF in CDClj; total concentration of
species 0.02 M. The peak marked with an X is CHCl,.

contributing an amount ¢, to the observed nuclear shielding,
where g, is given by?!

O’,=O'b+0’,+0’w+0’e+0'c (9)
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Table II. Variation of '°F Chemical Shifts? of U(OCH,),F,_, with Temperature in Various Solvents

temp, °C

concn,

compd solvent M -100 -90 -80 -70

-60 -50 -40 -30 -20 -10 0 10 20

W(OCH,,)F

327.4 330.8
330.7 333.5 3364
332.6 3355 3381
384.4 3874
390.8
401.1

CH,Cl, 0.02
CH,Cl, 0.5
CH,Cl, 1.5
CFCl, 0.08
toluene 0.07
ether 0.08

394.7
404.4

CH,Cl  0.08
THF 0.07
CHCL,  0.08
pentane 0.07
ccl, 0.08
dioxane 0.08
CH,Cl, 0.02
CFCl, 0.0l
CH,Cl, 0.02
CFCl,  0.01
fac-U(OCH,),F, CH,CL, 0.02
mer-U(OCH,),F; (2F,)® CH,Cl, 0.02
mer-U(OCH,),F, (F,)® CH,CL, 0.02
cissU(OCH,),F, (2F,)® CH,Cl, 0.02
trans-U(OCH,), F, CH,CL, 0.02
U(OCH,)F, (4F,)® CH,Cl, 0.02
CFCl,  0.01
CH,Cl, 0.01
CFCl,  0.01
UF, CH,Cl, 0.01

CFCL,  0.01

395.6 398.8
453.2
336.0 339.1
385.2

cis-U(OCH,), F,

trans-U(OCH,),F,

643.1 643.8
U(OCH,)F, (F,)°
706.4
766.5

764.3

706.3

764.6

359.3 362.1 364.8

478.0 480.2 482.1
415.5 417.4 420.8
480.7 482.9 484.0
576.8 578.0 579.1
511.1 5124 513.4
626.6 627.2 6217.5

689.9 690.3 690.7

337.1 342.9 349.2 354.2 358.9
339.2 345.6 3509 355.9 358.4 360.7
340.8 343.7 346.7 349.7 352.1 354.7 357.3 359.4 361.6
393.4 399.6 404.8 409.1 412.7
398.3 401.9 404.7 406.0 408.4
407.2 411.1 413.7 415.3
370.1 374.9

394.1 395.4 397.1 398.2 399.6 400.7 401.9 403.0 404.0
325.2 333.8 341.0 344.2 347.5 350.2
425.0 427.0 428.1 429.5 430.6 4315 4321
406.7 408.6 410.2 412.0
393.0

404.1 409.2 415.6
467.0
344.3

349.4 357.0

405.8

581.1
515.1
628.4

691.1

765.3
763.1

765.9
763.6

765.6
763.3

766.2
764.0

@ In ppm downfield from external CFCl,; estimated uncertainty of +0.2 ppm. b Spin system defined in Table L.

The bulk magnetic susceptibility of the solvent (ay), dia-
magnetic anisotropy. of the solvent (g,), solvent—solute van der
Waals interactions (o), and electric field interactions (o)
generally account for a 5-10 ppm solvent effect on fluorine
chemical shifts.”>** Other effects such as complex formation
or hydrogen bonding are ascribed to o.. The unusually large
magnitude of the solvent (Tables I and II) and temperature
effects (Table II) on the U(OCH,),F,_, °F chemical shifts
appeared to be totally unprecedented for diamagnetic systems
and therefore warranted further investigation.

Fluorine chemical shift effects were investigated most
thoroughly for U(OCH;)sF since this is the most stable of the
fluorine-containing complexes and exhibits the largest changes
in chemical shift with solvent and temperature. The solvent
dependence of the fluorine chemical shift of U(OCHS);F, from
high field to low (Table II), is in the order CHCI; > CH,CI,
» CH;Cl > p-dioxane > THF > toluene > CCl, > CFCl,
> ether > pentane. The chemical shifts are not corrected for
Oy Tas O, OF 0. However, the sum of these effects should be
far smaller than the observed chemical shift differences for
U(OCH,;),F in the various solvents. Typically, for the solvents
used in this study, corrections for ¢, range from approximately
+0.14 to —0.24 ppm,* g, ~ 0.5 ppm for toluene and 0 for the
others,* and ¢, ~ 0.3%37 Although the overall magnitude
of o, is typically ca. 10 ppm,’® the difference in o,, among the

(30) (a) Homer, J. Nucl. Magn. Reson., 1978, 7, 318. (b) Foreman, M. L.
Ibid. 1977, 6, 233. (c) Homer, J. Appl. Specirosc. Rev. 1975, 9, 1. (d)
Laszlo, P. Prog. Nucl. Magn. Reson. Spectrosc. 1967, 3, 231.

(31) Buckingham, A. D.; Schaefer, T.; Schneider, W. G. J. Chem. Phys.
1960, 32, 1227,

(32) Emsley, J. W.; Phillips, L. Prog. Nucl. Magn. Reson. Spectrosc. 1971,
7, 1.

(33) (a) Abrabam, R. J.; Wileman, D. F. J. Chem. Soc., Perkin Trans. 2
1973, 1521. (b) Abraham, R. J.; Wileman, D. F.; Bedford, G. R. Ibid.
1973, 1027.

(34) Magnetic susceptibility data taken from: Landolt-Bornstein.
“Zahlenwerte und Funktionen”, 6th ed.; Springer-Verlag: Berlin, 1967;
Vol. 11, Part 10, pp 66—-140.

(35) Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, G. H.
“Organic Structural Analysis”; Macmilian: New York, 1976; pp 31-49.

(36) Muller, N. J. Magn. Reson. 1977, 25, 111.

(37) Petrakis, L.; Bernstein, H. J. J. Chem. Phys. 1963, 38, 1562.
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Figure 7. '°F chemical shifts of some U(OCH;),Fs_, species as
0.01-0.02 M solutions in CH,Cl, as a function of temperature. The
zero for each species is the '°F resonance position vs. external CFCl,
at -90 °C.

above solvents should be considerably smaller and is not ex-
pected to alter the above order. No correlation exists between

(38) Rummens, F. H. A. NMR: Basic Princ. 1975, 10.
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the fluorine chemical shifts of the U(OCH,),F_, species and
the static?® or nonstatic*® dielectric constants of the solvents
(i.e., o) or solvent polarizability*'® or ionization potential*!®*?
(i.e., o,,). Figure 7 shows a plot of the '°F chemical shifts of
the U(OCH;),F,_, series in CH,Cl, vs. temperature. UF¢*
and presumably the other members of the series display tem-
perature-independent paramagnetism. Therefore, the strong,
reversible temperature dependences of the chemical shifts are
especially noteworthy.

Possible explanations for the large solvent and temperature
dependence of the U(OCH,;),Fs , fluorine chemical shifts
include (1) the presence of paramagnetic impurities or de-
composition products that are in rapid (on the NMR time
scale) equilibrium with the diamagnetic species, (2) mono-
mer—dimer equilibria, (3) a large temperature dependence of
intermolecular exchange equilibria (eq 7), and/or (4) the
formation of solute—solvent charge-transfer molecular com-
plexes.*® The first three explanations can be readily elimi-
nated.

It is unlikely that paramagnetic species or decomposition
products in rapid equilibrium with the U(OCH,),F¢_, species
are responsible for the observed solvent and temperature de-
pendence. The U(OCH;);F fluorine chemical shift and line
width at any temperature are virtually independent of con-
centration* (Table II). This concentration independence is
not the case for intermolecular ligand exchange (vide supra)
and is not expected for intermolecular electron transfer. For
U(OCH;)sF in pentane, decomposition products precipitate
with time, and both broad and sharp resonances appear upfield
of CFCl;. These impurities do not affect the position or
temperature behavior of the resonance of interest. The res-
onance positions of all the U(OCH3),F;_, species are also
independent of the mode of preparation.

In regard to monomer—dimer equilibria, it is noted that all
spectra can be interpreted on the basis of monomers and that
the spectra are virtually independent of concentration.*
Furthermore, the sensitivity of the U(OCH;)sF fluorine
chemical shift to coordinating solvents does not follow the trend
expected for the anticipated disruption of molecular associa-
tion. Thus, the resonance positions in THF and dioxane lie
between those of more poorly coordinating toluene and CH,CI.

The temperature dependence of the U(OCHj;),Fq_, spectra
cannot be explained in terms of the temperature dependence
of intermolecular exchange (eq 7) equilibrium constants. For
example, if the concentration of U(OCHj;),F, increased with
increasing temperature, the time averaging of the U(OCH,),F,
and U(OCH;)sF fluorine resonances would give rise to a
singlet that would progressively shift downfield of the original,
low-temperature resonance position for U(OCH;)sF. How-
ever, the magnitude of the °F chemical shift of U(OCH,)sF
to lower field with increasing temperature is the same in both

(39) (a) Hutchison, C. A.; Tsang, T.; Weinstock, B. J. Chem. Phys. 1962,
37,555. (b) Henkel, P.; Klemm, W. Z. Anorg. Allg. Chem. 1938, 222,
70.

(40) Approximated as the square of the refractive index: Becconsall, J. K,;
Hampson, P. Mol. Phys. 1965, 10, 21. Tables of refractive indexes can
be found in ref 41a and 42a.

(41) (a) Landolt-Bornstein., “Zahlenwerte und Funktionen”, 6th ed.;
Springer-Verlag: Berlin, 1962; Vol. 11, Part 8, pp 5§73-675. (b) Lan-
dolt-Bornstein. Ibid., 6th ed.; Springer-Verlag: Berlin, 1951; Vol. I,
Part 3, pp 515-517. (c) Landolt-Bornstein. /bid., 6th ed.; Springer-
Verlag: Berlin, 1951; Vol. I, Part 3, pp 363-367.

(42) Weast, R. C,, Ed. “CRC Handbook of Chemistry and Physics”, 60th
ed.; CRC Press: Boca Raton, FL, 1979: (a) pp C81-C548; (b) pp
E75-E81.

(43) Rose, J. “Molecular Complexes”; Pergamon Press: Oxford, 1967,

(44) The relatively small concentration dependence of U(OCH;)sF in
CH,Cl, (Table II) may be due to the presence of minor amounts of
fluorine-bridged, associated species at the higher concentrations: (a)
McFarlane, W.; Noble, A. M.; Winfield, J. M. J. Chem. Soc. 4 1971,
9§8'6 (b) Rupp, H. H.; Seppelt, K. Angew. Chem., Int. Ed. Engl. 1974,
13, 613.
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Table IIl. Chemical Shifts? of U(OCH,),F in Pentane/CH,Cl,
Mixtures at Various Temperatures

initial

mole o

fraction temp, 'C

of CH,Cl, 20 0 -20 -50 -90
0 43223 430.64 428.38 423.2B¢  412.8bd
0.0430 42191 417.71 412.27

0.0825 413.54 408.36 401.60

0.152  403.39 397.29 390.05

0.212  396.82 390.85 383.52

0.265  392.63 386.30 379.20

0.471  381.09 375.36 369.03

0.640  374.15 369.04 363.09

0.779  367.99 363.28 358.03

0.900  362.72 357.65 353.17 344.48  330.12
0.947 361.31 356.65 352.04 343.56  329.50
0.973  360.44 35557 350.75 341.97  328.08
1.000  359.57 355.11 350.07 342.02  327.67

% 1n ppm downfield from external CFCl, ; estimated uncertainty
+0.1 ppm. P Extrapolated from a plot of chemical shift vs. tem-
perature as in Figure 7. The solubility of U(OCH,),F in pentane
is low at these temperatures. ¢ Estimated uncertainty of +0.2
ppm. 9 Estimated uncertainty of +3.0 ppm.
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Figure 8. 'F chemical shift of U(OCH,)sF as a function of solvent
composition for several pentane/CH,Cl; mixtures at 20 °C.

CH,Cl, and CFCl,, despite the fact that the centers of gravity
of the cis- and trans-U(OCH,),F, signals are further downfield
in CH2C12.

The preceding discussion leaves charge-transfer complex
formation*? as the most plausible explanation for the observed
I9F chemical shift effects. In all cases where NMR data are
available,’64547 charge-transfer complex formation induces
an upfield shift of the acceptor '°F resonances. In the present
case, all U(OCH,;)sF solvent shifts are upfield of those ob-
served with the solvent that is expected to be the weakest
donor, pentane (alkane charge-transfer complexes with I,
and WF? are exceedingly weak). Oxygen-containing donors
such as THF and dioxane have a relatively high affinity for
hard Lewis acids such as U(VI) and not unexpectedly induce

(45) Larsen, D. W.; Allred, A. L. J. Phys. Chem. 1965, 69, 2400.
(46) Foster, R.; Fyfe, C. A. Prog. Nucl. Magn. Reson. Spectrosc. 1968, 4,
1

(47) T.ebbe, F. N.; Muetterties, E. L, Inorg. Chem. 1968, 7, 172.
(48) Evans, D. F. J. Chem. Soc. 1957, 4229.
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Table IV, Equilibrium Constants and Chemical Shift Parameters
for U(OCH,),F--CH,Cl, Complexes in Pentane

K, (mole
T, °C  fraction)™! A, Ag A
Method A°
20 3.17+0.19 87.9+50 66.8:+4.8 72.7
0 4.32+0.17 83.5+3.1 67.8+3.1 75.5
-20 5.80:0.19 81.5+14 69.5:1.5 78.3
Method B?
20 1.51:0.11 121+ 3 72.6 £ 3.9 72.7
0 2.08+0.37 1126 75.6 £ 8.0 75.5
-20  1.61+0.32 127+ 8 78.4 £ 10.7 78.3
-50 1.93:0.73¢ 124 £ 12 81.6 £+ 17.0  81.2
-90 2.31+0.78¢ 122+ 10 85.1+14.2 85.1

@ Data for 0 < mole fraction of CH,Cl, < 0.265. ® Data for
0.900 < mole fraction of CH,Cl, < 1.000. € The error due to
using extrapolated values for the fluorine chemical shift of
U(OCH,), F in pentane at low temperature is approximately £0.2

ppm.

relatively large upfield shifts of the fluorine resonance in
U(OCH,;);F. The observed charge-transfer complexation
order toluene > CCl, > CFCl, is consistent with the electronic
spectral trends of these solvents with high-valent metal hal-
ides.?! It is interesting that the upfield shift of U(OCH;)sF
in CHCl;, CH,Cl,, and CH,Cl is much larger than would be
expected purely on the basis of coordinating ability, polariz-
ability, ionization potential, and analogy to CCl, and CFCl,.
Similar anomalies have been reported in the solvent-dependent
F chemical shifts of p-nitro- and p-nitrosofluorobenzene*
and the 13C chemical shifts of molybdenum and tungsten
carbonyl complexes.®® This suggests that there are hydro-
gen—oxygen®' and/or hydrogen—fluorine’>*? interactions taking
place between these solvents®® and U(OCH,)sF that enhance
charge-transfer complex formation,

Additional evidence for charge-transfer complex formation
comes from a determination of the °F chemical shift of U-
(OCH,;)sF as a function of solvent composition for pentane/
CH,Cl, mixtures at several temperatures. The results are
presented in Table 111, and a representative plot is shown in
Figure 8. The strong, nonlinear dependence of the fluorine
chemical shift of U(OCH;)sF with solvent composition is
significantly in excess of that expected solely on the basis of
nonbonded screening interactions. The strength of the pro-
posed charge-transfer interaction can be estimated from the
Benesi—Hildebrand relationship3%-%

A/Xp = K(4 - B) (10)

Here A (assumed to arise from 1:1 complex formation) is the
observed chemical shift difference of the fluorine resonance
position of U(OCH,)F dissolved in the pentane/CH,Cl,
mixture minus the fluorine resonance position of U(OCHj3)sF
dissolved in pentane, 4, is the chemical shift difference between
the U(OCH,)sF-+CH,Cl, complex in pentane and unbound
U(OCH,);F in pentane, X is the initial concentration of
added CH,Cl, in mole fraction, and X is the equilibrium
quotient. There is controversy over which solvent composition
regions eq 10 is valid,’™ therefore A/ Xy, vs. A was plotted for

(49) Taft, R. W.; Price, E.; Fox, I. R.; Lewis, I. C.; Andersen, K. K.; Davis,
G. T.J. Am. Chem. Soc. 1963, 85, 3146,

(50) Braterman, P. S.; Milne, D. W,; Randall, E. W.; Rosenberg, E. J. Chem.
Soc., Dalton Trans. 1973, 1027.

(51) Pimentel, G. C.; McClellan, A. L. “The Hydrogen Bond”; W. H.
Freeman: San Francisco, 1960.

(52) (a) Cornwell, C. D.; Hindermann, D. K. J. Chem. Phys. 1968, 48, 2017.
(b) Hague, R.; Reeves, L. W. J. Phys. Chem. 1966, 70, 2753. (¢)
Hague, R.; Reeves, L. W. J. Am. Chem. Soc. 1967, 89, 250.

(53) (a) Green, R. D. “Hydrogen Bonding by C-H Groups”; Halstead Press:
New York, 1974. (b) Pimentel, G. C.; McClellan, A. L. Reference 51,
pp 197-201.
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0 < Xp < 0.3 (method A) and X > 0.90 (method B). The
plots are linear in both regions. Derived values for K, Ay, and
A, are presented in Table IV; those determined by method B
are probably more accurate.’® Here the A, values are the
contact charge-transfer™ corrected values of Ag* (eq 11). The

A = K4o/(1 + K) (11

values of K are similar to those of several organic*¢*546 and
inorganic?' systems where weak charge-transfer complexes are
postulated. From a least-squares plot of In X vs. 1/T (method
A), the values AH = -2.24 % 0.12 kcal/mol and AS =-5.33
% 0.44 eu are calculated for the equilibrium. These values
compare favorably with those previously reported for organ-
ic3645% and inorganic systems.?! The large errors in the K
values prohibit such an analysis of the data obtained by method
B; the magnitude of the values would clearly be somewhat
smaller.

Solvent effects were also sought in the electronic spectrum
of U(OCHj;)s, but no significant changes could be detected
between a spectrum recorded in CH,Cl, (Figure 1) and one
recorded in pentane. The only difference is in the 300-350
nm region, where a single broad shoulder at 320 nm is observed
in pentane instead of the two distinct absorptions in CH,Cl,.
It therefore appears that F NMR spectroscopy is a more
sensitive probe of such interactions.

Discussion

Many interesting differences and parallels can be drawn
between the chemistry of the U(OCHj;),Fs_.., n = 0—6, series
and that of analogous hexavalent metal series such as those
of WCI,Fs_,.** W(OCH,),Fq_,,'$%* W(OCH,;),Cl¢,,'¢ W-
(OR)F;,** and U(OTeFs),F¢_,2* The most striking differences
are the high reactivity of UF¢ toward methoxylating reagents
and the rapid intermolecular ligand exchange among the
U(OCH,),F¢_, species. Uranium hexamethoxide can be
synthesized in a matter of minutes from CH,Si(OCH,); at
~78 °C, whereas the formation of W(OCHj,)s from WF, and
(CH,),SiOCHj; proceeds only to a limited extent after 1-2
days of heating at 120 °C in C¢F¢.!¢ Similar trends in the
reactivity of UF vs. WF have been noted previously.®® The
analogous Mo(VI) species should be of intermediate reactiv-
ity.®»57 Likewise, while intermolecular ligand exchange does
occur in the tungsten and U(OTeF;),F_, series mentioned
above, it appears to be slow on the NMR time scale. The only
conditions under which peak broadening is observed is in the
room-temperature °F NMR spectrum of neat WC1,F,.25 It
is likely that the exchange in all of these systems proceeds via
bridging intermediates,"* seven- and eight-coordinate com-
plexes being well-known for U(VI)%®>® but rare for W-
(VI).”‘”’GO

The progressive upfield shift of both the 'H and '’F NMR
absorptions of the U(OCH,;),F,_, species with increasing n
parallels that of the W(OCH;),Fs.,'%? series. Fluorine
chemical shifts®? are generally assumed to be dominated by
the local paramagnetic shielding tensor, o, All approximations

(54) Orgel, L. E.; Mulliken, R. S. J. Am. Chem. Soc. 1957, 79, 4839,

(55) (a) Brinckmann, F. E.; Johannesen, R. B.; Hammerschmidt, R. F.;
Handy, L. B. J. Fluorine Chem. 1975, 6, 427. (b) R = CH,, CICH,-
CH,, C1,CHCH,, Br,CCH,, C1,CCH,, F;,CCH,, F,CH(CF,),, F,CC-
F,CH,, and (CF;),CH.

(56) (a) Fraser, G. W,; Millar, J. B, J. Chem. Soc., Dalton Trans. 1974,
2029. (b) R = Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, and s-Bu.

(57) Miller, K. F.; Wentworth, R. A. D. Inorg. Chem. 1978, 17, 2719.

(58) Drew, M. G. B. Prog. Inorg. Chem. 1977, 23, 67.

(59) (a) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th
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for 0,°%8! rely on the inverse excitation energies of the mole-
cule, with lower excitation energies resulting in downfield
shifts. Adopting a similar formalism for the methoxy ligand,
we find that the large overall shift of both the 'H and °F
resonances to lower field in the U(OCH,),F¢_, series with
respect to the W(OCH3),F_,'6% series is consistent with the
lower LMCT excitation energies in U(OCH,),Fe_,'>!® vs.
W(OCH,),Fg ,.%* However, the trends among the individual
members of the series will depend largely upon such factors
as changes in the excitation energies, changes in the electron
density on the atoms in question, and intramolecular electric
field effects.?*3% Detailed calculations of the electronic
structures and charge distributions for any of these systems
are not available.

Interestingly, for a given member of the U(OCH,),Fs,
series, the fluorine resonance of a fluorine atom trans to a
methoxy ligand is always downfield of the fluorine resonance
for a fluorine atom trans to another fluorine ligand (Figure
3). This same trend is observed in IOFs,5® TiF$-ROH"%
Te(OH),Fq_,," Te(OR)F;,% and SnL,F, ,>.** The opposite
trend is observed in WOFs,*’ ReOF;,% OsOF;,%* WCL,F,_,,25
W(OCHJ)nF&mls'zs W(OR)FS,SS SnLnFG—nz_’m'c Ti(OR)FSZ-’SS
and U(OTeFs),Fs_,2* Shielding of the axial fluorine in ReOF;

(61) (a) Ebraheem, K. A. K.; Webb, G. A. Prog. Nucl. Magn. Reson.
Spectrosc. 1977, 11, 149, (b) Saika, A.; Slichter, C. P. J. Chem. Phys.
1984, 22, 26.

(62) (a) Bloor, J. E; Sherrod, R. E. J. Am. Chem. Soc. 1980, 102, 4333. (b)
Rianda, R.; Frueholz, R. P.; Kuppermann, A. J. Chem. Phys. 1979, 70,
1056. (c) Darling, F. E.; Dahl, J. P. Chem. Phys. 1977, 20, 129. (d)
McDiarmid, R. J. Chem. Phys. 1974, 61, 3333,
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42, 2531.
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and the W(OR)F; complexes was attributed to pr—d= bonding
between the filled fluorine 2p orbitals and unoccupied (n— 1)d
orbitals in Re(VII)® and W(VI).** The (n — 1)d orbitals are
filled in Sn(IV) and I(VII), and the observed trends are as-
signed to intramolecular electric field effects.?#%® The reason
for the trend observed in the U(OCHS),F_, species is not clear
since pr—dw(fr) bonding is likely to be important in these
molecules.

The present study also demonstrates the remarkable sen-
sitivity toward both solvent and temperature that the !°F
chemical shifts of U(VI) complexes can display. Charge-
transfer interactions between the solvent and solute presently
offer the best explanation of these effects. That such large
differences in the fluorine chemical shifts can occur with
solvent and temperature in U(VI) complexes (and likely other
metal complexes as well) should be borne in mind when one
interprets or calculates the fluorine NMR spectra of metal
complexes.
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The *C NMR spectra of a series of aqueous solutions of square-planar platinum(II) chelates, Pt(2,2'-bipyridine)(aliphatic
1,3-diamine)?*, have been obtained for eight different diamines. The *C chemical shifts of the bpy carbons resemble quite
closely the bpy 3C shifts of the analogous 1,2-diamine chelates which we reported earlier (Inorg. Chem. 1975, 14, 3007).

Only the C¢ carbon exhibits a significant dlfference in chemical shift between the two series with an =2 ppm upfield shift
in the present series, which is attributable to increased steric crowding around the C¢—H¢ bonds by the coordinated amine
substituents in the 1,3-diamine chelates. Evidence is presented that the six-membered chelate ring is in a distorted-chair
conformation, flattened in the region between the PtNN and NCCN planes. In the limit of severe flattening, an envelope
conformation, as found in the N,N*-dimethyl-1,3-propanediamine (V,N’-Me,tn) chelates, results. In such envelope con-
formations the N,N’-methyl groups stereoselectlvely form meso complexes with the methyl groups pointing inward toward
the envelope as determined from analys1s of JHNCN data. As found earlier, JnNcc data follow a Karplus-like dihedral
angle relationship and along with 3/pncy and *Jyccy provide the basis for assigning conformational preferences of methyl
substituents, For example, for the 1,3-diaminobutane complex, the equilibrium distribution is estimated to consist of 80%
equatorial-methyl group preference in a flattened-chair conformation in solution. In the racemic 2,4-diaminopentane chelate
the diequatorial skew boat predominates over the axial-equatorial dimethyl chair conformation in solution. Jpc values
involving diamine ring 8-carbons provide further evidence for multipath coupling, i.e., algebraic additivity of two or more
independent coupling paths that link two nuclei to give the observed Jpc.

Introduction

In earlier papers in this series we used carbon-13 NMR
spectra to probe the configuration and conformation of some

(1) (a) Fairfield University. (b) Grinnell College. (c) The University of
North Carolina.

a-amino acid?? and 1,2-diamine* complexes of platinum(II).
These works?™ and the findings of others®® have shown the
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