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catalyze the condensation reactions of coordinated alkylamino-
phosphines are in progress.
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Numerous mass spectral studies of metal complexs of §-di-
ketonates have appeared, with acetylacetonate complexes being
the most extensively studied.'® Comparative studies on the effect
of the metal*®® and on the influence of the R group of the §-
diketonate ligand® on the mass spectral fragmentation patterns
have also been reported. However, data are sparse on the mass
spectra of beryllium g-diketonates,* with no results reported on
fluorinated 8-diketonate—beryllium complexes.

We describe here the mass spectra of several fluorinated -
diketonate—beryllium complexes, having methyl, phenyl and aryl
substituents. Transfer of a fluorine atom from ligand to metal
is observed, which follows from hard-soft acid—base theory.

The °Be NMR spectra of the complexes are also reported.
Some trends in the chemical shifts of the compounds can be
discerned. The 'H, 13C, and YF NMR spectra of these same
B-diketonate beryllium complexes have already been reported.’

Results and Discussion

The structure of the beryllium g-diketonate complexes is shown
in Figure 1, with the substituent groups listed in Table I. The
geometry at the beryllium atom is tetrahedral with the formal
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Figure 1." Structure of the beryllium~3-diketonate complexes. The ge-
ometry at beryllium is tetrahedral.
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Figure 2. Major fragmentation pathways observed in the mass spectra
of the partially fluorinated 8-diketone complexes of beryllium.

Table I. Mass and Relative Intensity of Molecular lons of
Be(RCOCHCOR),

compd rel

no. R R’ M* m/e intens, %
1 CH, CF, 315 30.8

2 CeH, CF, 439 36.0

3 7-CHS  CF, 451 32.1

4 27.C,H,0 CF, 419 37.3

5 C.H, C,F;s 539 13.3

6 7-CH,S  CF; 551 10.6

7 C¢H; C,F, 639 4.9

8 2-CH,S  GF; 651 6.0

symmetry as D,, for Be(acac), and Be(hfac),, and C, for the
unsymmetrically substituted S-diketonate beryllium complexes.
Thus these latter chelates are rendered dissymmetric.’ The ap-
pearance of the mass spectra of these complexes is simplified by
there being only single isotopes for beryllium and fluorine, and
major isotopes for carbon, oxygen, and hydrogen that have only
minor contributions from secondary isotopes. Thus, the spectra
appear stark, with a single peak for each ion in the spectrum. The
molecular ion is observed for each complex. The mass and relative
intensity of the molecular ions for each complex are listed in Table
I. The relative intensities of prominent ions are given in Table
II. The major fragmentation pathways are shown in Figure 2.

Initial fragmentation of the molecular ion proceeds by loss of
R’, the fluorinated substituent on the diketone ligand. Peaks
appear at masses corresponding to M** — R, which is the loss of
the nonfluorinated substituent. However, these peaks are either
quite small (compounds 1-4, 6, 8) or they are absent altogether
(compounds 5 and 7). Loss of a CF, radical is preferred to loss
of a CH; radical due to higher stability of the CF; radical.> This
trend appears to be general for fluorinated ligands over non-
fluorinated ones. Indeed, the stability of the phenyl radical
compared to -C,F; or C;F; is so small that M** — R is not observed
for compounds § and 7. The parent ion may cleave at the same
bond, but in an alternate fashion as shown in Figure 2, creating
R’* and LBe(RCOCHCO).. However, rupture of this bond
appears to favor formation of LBe(RCOCHCO)* and R’ over
this alternate cleavage as demonstrated by a comparison of the
intensities of R’* and M** — R’ listed in Table II.

The next major peak in the mass spectrum at higher mass
corresponds to M* — L, where one $-diketonate ligand has been
lost from the parent. Loss of an entire ligand, as a radical, is
commonly observed in $-diketonate—metal complexes.”’ Loss of
the ligand as a radical creates an even electron ion, BeL*, which
is then susceptible to fragmentation by loss of neutral even-electron
species.’ This general phenomenon is observed in the mass spectra
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Table II. Relative Intensities of Prominent Ions in the Mass Spectra of 8-Diketonate~Beryllium Complexes
R R’ M-+ M+ - R’ M -L FBe(RCOCHCO)* RCO* R* R"*
CH, CF, 31 100 30 69 96 97
CsH, CF, 36 69 S5 59 100 68 43
C,H,S CF, 32 54 62 59 100 11 44
CH;0 CF, 37 71 47 100 59 4 42
CH C,F, 13 37 13 29 100 48 15
C,H.S C,Fs 11 28 20 35 100 6 22
CoH, C,F, 5 23 2 6 100 30 7
C,H.S C,F, 6 21 4 5 100 4 12

Table III. °Be NMR Chemical Shift Data for Be(RCOCHCOR),

R R’ 5(°Be) R R 3(°Be)
CH, CF, 314 CH,S CFs 366
CeHs CF, 374 CHy C,F, 314
CH,S CF, 322 CHS GCF, 315
C,H,0 CF, 326  CH, CH, 2.97
C.H; C,Fs 364  CF, CF, 3.58

of 8-diketones and their metal complexes, especially for fluorinated
or partially fluorinated 3-diketones and their complexes. For the
beryllium complexes in this study, formation of the even-electron
BeL™ ion is followed by transfer of a fluorine atom to beryllium
and loss of a fluorine-containing even-electron neutral species.
When R’ is CF;, :CF, is lost, giving the ion [FBe(RCOCHCO)]*.
When R’ is C,Fs, C,F, is lost, generating the same ion. Minute
peaks for :CF, loss are observed, leading to the [FBe(RCO-
CHCOCF,)]* ion, but these are understandably of very low
intensity in view of the stability of the alkene C,F, over the neutral
carbene CF,. When R’ is C;F;, C;F is lost, with no or only trace
peaks observed for :CF, and C,F, losses.

The migration of a fluorine atom from the ligand to the metal
has precedent in the metal complexes of fluorinated 3-diketonates
of some transition metals®® beryllium,* alkaline earths,’ group
13 metals,’ lanthanides,>’ tin,’* and zincS. Other transition
metals, such as copper.® do not show fluorine migration in their
fluorinated B-diketonate complexes. Hard-soft acid—base theory,
and class a and class b metal designations have been invoked?”’
to explain these observations. It is not unexpected then to find
the “hard” fluoride migrating to the “hard” Be?*,

The base peak in most of the spectra examined corresponds to
RCO*, as seen in Table II. The formation of RCO* can be
explained by loss of the neutral even-electron species FBe(COCH)
from [FBe(RCOCHCO)]* as shown in Figure 2. The RCO™ ion
is particularly stable when R is phenyl or thienyl, due to resonance
stabilization of the charge over the ion fragment framework.
RCO™ further degrades by loss of CO. The intensities of the
resulting R* ion are given in Table II. One notes that the intensity
of R* is generally less than that of R’*, except when R is phenyl,
again due to the resonance stability of the phenyl cation. Con-
tributions to the intensity of the R* peak would certainly include
R* formation from decomposition of RCO™, and from cleavage
of the nonfluorinated substituent on the ligand from M** to
generate R* and LBe(R’COCHCO)-,

The °Be NMR spectra of these complexes are characterized
by a single sharp resonance. The chemical shifts are given in Table
III. The width at half-height is ca. 6 Hz when R’ is CF; or CH,,.
When R’ is C,F; or C4F,, the half-height line width increases to
ca. 10 Hz. The cause of this change is uncertain but it may be
due to minor through-space interactions with the fluorine atoms
on the ends of R’ with beryllium.

The range of measured chemical shifts for the B-diketonate
complexes (+2.96 to +3.66 ppm) fit into the range for four-co-
ordinate *Be centers as previously established (ca. -2 to +6 ppm).!°
These data agree with the crystallographically established 4-co-
ordinate tetrahedral geometry at beryllium.®

The °Be NMR chemical shift for Be(acac), is 2.97 ppm and
it has the most shielded resonance of the beryllium-g-diketonate
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Table; Harris, R. K., Mann, B. E,, Eds.; Academic: London, 1978.
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complexes studied. Due to a total chemical shift range of only
0.77 ppm for the compounds observed, care must be taken in
interpreting the chemical shift data in terms of any definite trends.
Substitution of a CF; group for a CH, group results in an upfield
shift of the beryllium resonance for Be(tfac),. A futher upfield
shift is noted for Be(hfac),. This deshielding trend at beryllium
is consistent with the electron-withdrawing ability of the CF,
groups. Keeping the R group constant and varying the R’ group
from CF; to C,Fs to C4F,, one observes a reversal of this trend
when R is phenyl. Likewise when R is 2’-thienyl the °Be NMR
resonance increases from 3.22 to 3.66 ppm when R’ is CF; and
C,Fs, respectively, but decreases when R’ is C;F; to 3.15 ppm.
This latter chemical shift variation indicates that the electro-
negativity of the substituent is not always the primary effect in
determining the direction of the chemical shift. For example, the
electronegativity of the X group in a series of CsHsBeX compounds
has a small effect on the deshielding at the beryllium atom as
compared to the paramagnetic ring current of the #’-C;Hj ring.!%
An explanation of these possible trends reported here must await
further study with theoretical calculations.

Experimental Section

The 8-diketonates and their beryllium complexes listed in Table I were
prepared as previously described.” Be(acac);, was obtained from Alfa
Products, and Be(hfac), was a gift from Professor Gaines. Mass spectra
were obtained on a Finnegann 4000 gas chromatograph/EI-CI. °Be
NMR spectra were recorded in CDCI, at ambient temperature at ap-
proximately 0.1 M concentration on a Bruker AM-500 at 70.278 MHz
using a 5.0-us puise width and a pulse delay of 111.3 us between scans
over a 5600-Hz window. Chemical shifts were referenced to Be-
(H,0),**(aq).
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Two recent theoretical studies’? have appeared on the relative
stability of the known “butterfly” C,, structure of B,H,, (2) and
the unknown bis(diboranyl) C, structure of BJH,, (1). Given the
prediction of nearly equal stability, it is perhaps unusual that the
bis(diboranyl) structure has not been observed. The purpose of
the present note is to explore theoretically the potential energy
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