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The synthesis and characterization of some copper and silver triphenylphosphine complexes of the (carboxylato)trihydroborate

derivatives H;BCO,R™ (R = H, CH;, C,H;) are reported.

Isolated are stable crystalline complexes of composition

(Ph;P),MH;,BCO,R (n =2,3;M = Cu, R = C,Hs, CH;, H; M = Ag, R = C,H,, H). Results of spectral (IR, NMR),
osmometric, and conductivity studies are discussed in terms of the molecular structures of the complexes; possible factors
influencing the bidentate or monodentate mode of coordination by the anion are set forth.

Introduction

Covalent metal tetrahydroborate complexes have in recent
years been a topic of considerable interest. A recent review
has explored and analyzed developments in the field of covalent
transition-metal, lanithanide, and actlmde BH,~ complexes.?
This review quite clearly illustrates that of the four different
bonding modes (I-IV) that tetrahydroborate can cqncelvably
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adopt, the only one which has not received extensive attention
is the monodentate mode (I). Holah reports the possibility
of monodentate BH,~ complexes for a cobalt complex and a
series of ruthenium complexes.’ A monodentate BH,™ copper
complex has been reported.**

M-H-B bonding modes analogous to I-IV might be ex-
pected for other B~H-containing anions. Examples when M
is Cu are [CU(B3H8)(PPh3)2 s [(Cu(PPh3),),(BoH )]
CCl;H,” and [(Ph3P)2Cu(NCBH3)] 8 Severgl other stable
anions do exist which possess the ability to show M-H-B
bonding modes; they are (carboxylato)trihydroborate
(H;BCO,™) 210 (alkoxycarbonyl)trihydroborates (H;BCO;R",
R = CHj;, C;H;) and (carboxy)trihydroborate (H;BCO,-
H-).1%12 Cu(I) and Ag(l) complexes of (ethoxycarbonyl)
trlhydroborate have been reported in a previous commum-
cation.!?

Since the factors which influence the formation and relative
stabilities of the bonding modes of I vs. II remained somewhat
nebulous; we have undertaken a study which might help clarify
such factors. Our investigation resulted in characterization
of singly and doubly bridged complexes of BH, and

H;BCO,R",**!4 demonstration of the conditions necessary for
coordination, factors which influence the mode of coordination,
and a comparative investigation of the bonding in the new and
established modes of coordmatlon These points as related to

Cu(I) and Ag(I) complexes of (carboxylato)trihydroborate
derivatives H;BCO,R™ (R = H; CH,;, C,H,) will be dealt with
in this paper; others will be presented in subsequent papers.

Experimental Section

General Techniques. Infrared spectra were taken on a Beckman
IR-20A. 'H NMR spectra were obtained from a Varian X1-100,
A-60, or EM-360 spectrometer. Chemical shifts were based upon
internal references (Me,Si or known solvent). Low-temperature
spectra were obtained from the XL-100 system with the temperature
control device calibrated using an independent thermocouple placed
within the NMR tube situated in the probe. Vapor-pressure os-
mometry was performed on a Mechrolab, Inc., Model 301A osmometer
at 37 °C with chloroform solvent. Conductivity of the complex
solutions was'measured with a Genéral Radio Co. Type 1608-A
1mpedance bridge and a submersible conductivity cell with cylindrical
plates and a cell constant of 1.1626 cm™'. Spectral grade acetonitrile
and mtromethane were used for the conductance measurements. All
analyses weré performed by Galbraith Laboratories, Inc., Knoxville,
Tenn., unless indicated otherwise.-

Materials. Diborane,!* borane carbonyl,'® potassium (carboxy-
lato)trihydroborate,'® and potassium (ethoxycarbonyl)trihydroborate!!
were prepared by previously published procedures. It was necessary
to purify the technical grade CO (Matheson) by passing it through
two successive 1-m bubblers containing 6 N aqueous sodium hydroxide
and one 30-cm bubbler held at ~78 °C containing a saturated ethanolic
sodium hydroxide solution.- The borane carbony! used for the po-
tassium (carboxylato)trihydroborate was separated from the CO and
B,H; before being bubbled through dry (200 proof is 'sufficient)
ethanolic KOH. -

Cuprous chloride (92.9%, Baker), potassium borohydride (Alfa
Inorganics), silver nitrate (Baker, reagent grade), triphenylphosphine
(Baker), potassium hydroxide (Mallinckrodt, analytical grade), and
the solvents chloroform (Baker), ethanol (Commercial Solvent Corp.,
200 proof), ethyl ether (absolute, Mallinckrodt), hydrofluoric acid
(Baker, analytical grade); methylene dichloride (Baker, reagent grade),
and pentane (Qaker, practical grade) were obtained commercially.
The chemicals were used without further purification unless otherwise
specified.

Tetrahydroborate Complexes. (Ph;P),CuBH, and (Ph,P),AgBH,
were prepared using the same procedure as Cariati and Naldini.!¢

(Ethoxycarbonyl)trihydroborate Complexes (H3BCO,C,H;~
Complexes). The (ethoxycarbonyl)trihydroborate complexes were
prepared using a similar procedure as that used for the tetra-
hydroborates, but with some modification in the purification of the
products.&151 (Ph;P);CuCl,'” 0:886 g (1 mmol), was dissolved in
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25 mL of chloroform and combined with 0.139 g (1.1 mmol) of
KH;BCOOC,H; dissolved in 10 mL of absolute ethanol. (AgNO;,
0.17 g (1 mmol), and 2.5 g (9.5 mmol) of Ph,P in 20 mL of chloroform
were stirred until all of the AgNO; had dissolved. Added to this was
0.139 g (1.1 mmol) of KH,BCOOC,H; dissolved in 10 mL of absolute
methanol.) The mixture was stirred for 0.5 h in a tightly stoppered
container with no sign of gas evolution or color change to indicate
reduction. The mixture was then filtered, and the solvent was removed
from the filtrate by flash evaporation to dryness. Five milliliters of
methylene dichloride was added to the resulting solid, and the extracted
mixture was filtered again. Dry hexane (10-15 mL) was added slowly
to the filtrate while agitating until precipitation was initiated as
indicated by sustained cloudiness. The solution was then cooled without
further hexane addition to approximately ~20 °C for several hours
during which time white crystals separated from the solution. These
crystals were isolated by filtration, washed with hexane (pentane for
the silver complex), and dried under high vacuum at ambient
temperature. Additional complex could be recovered by addition of
hexane to the mother liquor (until precipitation was again initiated)
and cooling to —20 °C. Analytically and spectrally satisfactory results
were obtained without further recrystallization. It was necessary to
use methylene dichloride with an alkane as the precipitating agent
rather than ethanol which was used for the tetrahydroborate complex
because the (ethoxycarbonyl)trihydroborate complexes appear to be
significantly more soluble in a chloroform~ethanol mixture than the
corresponding tetrahydroborates.! The latter solvent system leads
to unsatisfactory yields. The substitution of hexane for ethanol as
the precipitating agent necessitates the extraction with methylene
dichloride to separate the complex from the salts (KCl and K,H;BCO,)
which otherwise would be coprecipitated along with the complex by
hexane. The use of reasonably dry solvents is important since hy-
drolysis of the (ethoxycarbonyl)trihydroborate complexes in solution
seems to occur at a fairly substantial rate at ambient temperatures
(see the section dealing with the reactivity of (ethoxycarbonyl)tri-
hydroborate complexes). This could lead to the {carboxy)tri-
hydroborate complex as an impurity if care is not taken to exclude
the majority of the water or if the purification procedures are not
carried out expeditiously. Any recrystallization of the silver salt must
be carried out in the presence of at least a threefold excess of phosphine
to prevent reduction of the silver. Satisfactory analytical results were
obtained without further purification of the product.

C3gH5P,0,BCu: mp 112-114 °C; percent yield, 83.5% based on
(Ph;P);CuCl; equivalent conductance (A,) in nitromethane (0.001
M) 19.2 @' ecm?® equiv™'. Anal. Caled: C, 69.42; H, 5.64; P, 9.18.
Found: C, 69.66; H, 5.66; P, 9.16 (Chemalytics, Inc., Tempe, Ariz.).

C5;Hs3P;0,BAg: mp 115-117 °C dec; percent yield, 90% based
on AgNO;. Anal. Caled: C, 69.74; H, 5.44; P, 9.47; Ag, 10.98.
Found: C, 69.75, H, 5.54; P, 9.66; Ag, 9.95.

[ Trihydro(methoxycarbonyl)borato]bis(triphenylphosphine)copper-
(I) (H;BCO,CH; Complexes). (Ph;P);CuCl, 0.866 g (1 mmol), and
Ph,P, 0.20 g (0.8 mmol), were combined in 10 mL of methylene
dichloride; 0.15 g (1.1 mmol) of K,H;BCO, dissolved in 5 mL of
absolute methanol was added and the solution was stirred for 24 h
in a tightly stoppered container. The mixture was filtered and flash
evaporated to dryness. Four milliliters of methylene dichloride was
added, and the insoluble material was filtered out, Ten to fifteen
milliliters of dry pentane was added slowly, and the solution was cooled
to approximately —20 °C for several hours. The white crystalline
material was filtered, washed with pentane, and dried under high
vacuum. Methylene dichloride was used for this reaction instead of
chloroform in order to avoid possible competition for the ester site
by the ethanol used to stabilize the chloroform. Qualitative chloride
tests of the complex proved to be negative, and analytical results were
satisfactory without further recrystallization of the complex.
C,3H;36P,0,BCu: mp 1131135 °C dec.; percent yield, 83.3% based
on (Ph;P);CuCl. Anal. Caled: C, 69.04; H, 5.49; B, 1.64; Cu, 9.67.
Found: C, 68.87, H, 5.46; B, 1.58; Cu, 9.36.

[(Carboxy)trihydroborato]bis(triphenylphosphine)copper(I),
[(Ph;P),CuH;BCOOH]. The complex resulted from the reaction of
Ca(H,BCOOH), with (Ph,P),CuF. A modification of the procedure
reported by Cotton and Goodgame'® was utilized for the preparation
of (Ph;P),CuF. CuF,2H,0, 0.688 g (5 mmol) (prepared from
Cu(OH), and HF), and Ph3P, 6.56 g (25 mmol), were dissolved in
30 mL of absolute methanol. When the solution had changed from
blue to colorless, it was flash evaporated to dryness, and the solid was
redissolved in 30 mL of choroform. Ninety milliliters of hexane was
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added to precipitate the product, which was filtered, washed with
hexane, and dried under high vacuum, The white crystals have an
equivalent conductance of 79 @ for a 1073 M solution in nitromethane,
which is in the range of 1 to | electrolytes with tetrakis(triphenyl-
phosphine)copper(I) cations.!”” The conductivity along with its
solubility in methano! indicates the product is likely the tetrakis
complex (Ph;P),CuF in which the fluoride does not occupy a co-
ordination site on the copper.

A solution of CaH;BCO, was prepared by passing an aqueous
solution of K,14;BCO, through a 20-cm Dowex 50 cation-exchange
column charged with Ca?*. The resulting solution was titrated with
very dilute HF until the pH reached 9.0.1° The volume of the solution
was then reduced to several milliliters by flash evaporation and could
be diluted to the appropriate volume for the next step of the reaction.

Three milliequivalents of Ca(H;BCOOH); in 8 mL of H,O was
stirred with 0.226 g (0.2 mmol) of (Ph;P),CuF and 0.052 g (0.2 mmol)
of Ph3P in 2 mL of methylene dichloride for 15 min. The CH,Cl,
solution was then separated and discarded. This step removes the
(ethoxycarbonyl)trihydroborate impurity which is present in small
amounts in potassium (carboxylato)trihydroborate and apparently
complexes to the Cu preferentially. (Ph,P),CuF, 2.26 g (2 mmol),
and Ph;P, 9.524 g (2 mmol), in 10 mL of methylene dichloride were
added to the aqueous (carboxylato)trihydroborate solution, and the
solution was stirred vigorously for 0.5 h. The methylene dichloride
solution was decanted and filtered and then flash evaporated toa 5
mL volume. Hexane (10-15 mL) was then added to the point of
incipient precipitation. The solution was cooled to ~20 °C for several
hours during which time crystallization took place. The very small,
slightly yellowed crystals were isolated by filtration, washed with
hexane, and dried under high vacuum. C;;H3,P,0,BCu: mp 133-135
°C dec; percent yield, 80% based on (Ph;P),CuF; equivalent con-
ductance (A,) in nitromethane (0.001 M) 22.8 Q' cm? equiv™'. Anal.
Caled: C, 68.69; H, 5.26; B, 1.67; P, 9.58. Found: C, 68.45; H, 5.32;
B, 1.52; P, 9.30.

[(Carboxy)trihydroborato]tris(triphenylphosphine)silver(I),
[(Ph;P);CuH;BCOOH]. AgF,0.28 g (2.2 mmol), and Ph,;P, 2.89 (11
mmol), were combined in 33 mL of methylene dichloride, and the
solution was stirred for approximately 2 h until all of the AgF had
dissolved. A 10 mL aqueous solution of 3 mequiv of Ca(H;BCOOH),
was prepared as described in the preparation of [(carboxy)tri-
hydroborato]bis(triphenylphosphine)copper(I). A 3-mL aliquot of
the silver fluoride triphenylphosphine complex (0.2 mmol) with 0.262
g (1 mmol) of Ph;P added was combined with the aqueous (carb-
oxy)trihydroborate solution and stirred for 15 min. The organic phase
was discarded to remove the (ethoxycarbonyl)trihydroborate impurities.
The volume of the rest of the silver fluoride complex solution was
reduced to a 10 mL volume and along with 2.1 g (9 mmol) of Ph;P
was then added to the calcium (carboxy)trihydroborate solution, and
the mixture was stirred for 0.5 h. The organic layer was decanted
and filtered. Hexane (20-30 mL) was added to the solution until
incipient precipitation, and then the solution was cooled to ap-
proximately —20 °C for several hours while crystallization continued.
The slightly gray solid was filtered, washed with hexane, and dried
under high vacuum. More complex could be isolated by adding more
hexane to the filtrate until precipitation began and then cooling further.
CssHyP3O,BAg: percent yield, 85% based on (PhyP),CuF. Anal.
Caled: C, 69.27; H, 5.18; B, 1.13; Ag, 11.31. Found: C, 68.93; H,
5.10; B, 1.28; Ag, 10.69.

Results and Discussion

The new copper and silver complexes of the (carboxyla-
to)trihydroborate derivatives involve coordination of the boron
moiety to the metal in either a unidentate (I) or bidentate
mode (I1) where in the (I) and (IT) designation one of the
terminal hydrogens attached to the boron may be considered
to be X, where X = COOC,H;, COOCH,, COOH, or H. The
metal also is surrounded by two or three triphenylphosphine
ligands.

Triphenylphosphine and substituted triarylphosphines are
the only ligands which had previously been found to stabilize
copper and silver tetrahydroborate complexes.'® The syntheses
of the copper and silver (ethoxycarbonyl)trihydroborate
complexes were very similar to previous syntheses for tetra-
hydroborate complexes®!$181? and generally involved allowing
a solution of the potassium (alkoxycarbonyl)trihydroborate
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Table I. Infrared Absorptions Resulting from BH,™ and (Alkoxycarbonyl)- and (Carboxy)trihydroborates (Complexed and Free)

absorption range (cm™!)

2200-1900

compd 2500-2200 1700-1500 1500-1300 1300-1000 <1000
K*H,BCO,C,H,” (KBr) 2320 s BH str 1630 s C=0 str 1450 w CH, sciss 1220 m B-C-0 905 m B-C str
1380 w CH bend sym 1190 m BH, def
1110 s BH, + COC
1030 m asym
KBH, (KBr)® 2260 vs 1110 vs
(Ph,P),CuH,BCO,C,H; 2410sBH; str 2030 s BHy, str 1660 s C=0 str 1135 s 990 m?
(KBr) 2340 w 1055 vs
(Ph,P),CuBH, (KBr)®»? 2395 1985 s 1370 m bridge str 1135 s BH, def
2340 sh BHy 1935 s BHy str
str
(Ph,P),CuH,BCO,C,H,® 2380 sBH;str 2030 s BHy, str 1655 s C=0 str 1145 s
(Ph,P),CuH,BCO,CH, 2400 s BHy str 2040 s BHy, str 1665 s C=0 str 1135s 990 m
2340w 1055 s 785 w
(Ph,P),CuH,BCO,H 2410 s BHy str 2030 s BHy, str 1660 s 1300 s, br 1135 s 785 w
. 2330w 1635 s C=0 str 1055 vs
(Ph,P),AgH,BCO,C,H,® 2350 sh 2080 s, br BHy, str 1640 vs C=0 1140-1150s 820 w
2290 s BHy str str 1050 vs
(Ph,P), AgH,BCO,HY 2330 s BHy str 2100 s BHy, str 1660 s C=0 str 1230 m 770 w ?
1130 ms
1050 vs

% Included for comparison. b Our spectrum; comparative values available in ref 16-18. € CHCI, solution, concentrated. 4 Neat solid.

Table II. Chemical Shift Data? for Non-Borane Hydrogens in
(Alkoxycarbonyl)- and {Carboxy)trihydroborate Complexes

H,BCO,R neutral ligand
absorptions absorptions
compd CH, CH, OH Ph CH, CH,
K*H,BCO,C,H,"” 1.07 3.79 -
(Ph,P),CuH,BCO,C,;H, 0.89 3.58 7.3
(Ph,P),AgH,BCO,C,;H; 0.94 3.84 7.3
(Ph,P),CuH,BCO,CH, 3.13 7.3
(Ph,P),CuH,BCO,H 3.14 7.3
(Ph,P),AgH,BCO,H 3,20 7.3

@ Values in ppm downfield from Me,Si. Complexes dissolved in
CDCl;; K*H,BCO,C, H," dissolved in Me,SO<,.

to react with a solution of the tris(phosphine)copper halide
or the bis(phosphine)silver nitrate. Alternative syntheses were
utilized in preparing the trihydro(methoxycarbonyl)borato
complex and the (carboxy)trihydroborato complex.
Elemental analysis supports bidentate coordination by
H,BCO,C,H;" in the solid-state copper complexes and uni-
dentate coordination in the solid-state silver complexes
(maintaining the four-coordinate pseudotetrahedral config-
uration expected with Cu(I) and Ag(I) complexes of this
type?'72%), The unidentate mode of coordination to silver had

Table IIl.  Conductivity of Copper and Silver Complexes in Acetonitrile

not been reported previous to our communication.!? Infrared
absorptions attributable to the complexed anions are tabulated
in Table I. Since Nujol mulls or neat samples gave the same
results as KBr, usually only the KBr results are reported.
Absorptions due to the neutral ligands are not included.
Pertinent proton NMR data for the complexes excluding
borane hydrogen proton data appear in Table II. Conductivity
of copper and silver complexes in acetonitrile is presented in
Table III, and Table IV lists molecular weight (osmometric)
data for complexes in CHCl, at 37 °C.

Infrared Spectra. Infrared spectral data also support the
assigned formulation for the compounds. As noted in Table

. I, the strongest B-H stretching absorption for KBH, occurs

at approximately 2260 cm™ and at approximately 2320 cm™!
for potassium (ethoxycarbonyl)trihydroborate. This difference
may be attributed to the lower negative charge on the B-H
hydrogens of the (ethoxycarbonyl)trihydroborate due to the
inductive effects of the ester group. Similar electronic effects
are observed in the copper complexes, the terminal B~-H
stretching frequency for the copper (ethoxycarbonyl)tri-
hydroborate complex being slightly higher than the corre-
sponding tetrahydroborate complex, which is included in the
table for comparison. The bridging B-H stretching frequency
is also significantly higher in the (ethoxycarbonyl)trihydro-

concn, : concn of specific equivalent

complex Mx 103 (concn)!/? added ligand, M conductance? conductance
(Ph,P),CuH,BCO, C, H, 3.60 0.060 1.82 x 107 50.6
1.80 0.0424 1.18 x 107 65.6
0.720 0.0268 6.22 X 1075 86.3
0.180 0.0134 2.12x 10°¢8 117.7
1.80 0.0424 3.80x 1073 1.30 x 1074 72.2
0.720 0.0268 3.80x 1078 6.41 X 10°° 89.0
0.360 0.01897 3.80x 1073 3.96 x 1078 110.0
’ 0.180 0.0134 3.80x 1073 2,23 x 107 123.9
(Ph,P),AgH,BCO,C, H, 1.80 0.0424 9.13 X 10°° 50.7
0.720 0.0268 4.30 X 1075 59.8
0.360 0.01897 2,50%x 10°¢ 69.4
0.180 0.0134 1.30x 1078 72.3
1.80 0.0424 3.80 X 1073 1.19x 10°¢ 75.6
0.720 0.0268 3.80x 103 7.26 X 107* 100.8
0.360 0.01897 3.80x 10°® 3.94 X 1078 109.4
0.180 0.0134 3.80x 1078 2.23x 107 123.8
(Ph,P),AgBH,° 0.40 0.020 9.5 x 1073 8.04 X 107¢ 20.1
0.20 0.0141 6.7 x 10-3 570 x 10°¢ 28.5

SIngrt. PIn@! cm? equiv. € Included for comparison.



Table IV. Molecular Weight (Osmometric) Data for Comptexes in Chloroform at 37 °C

%

mol wt? dissoc of L

fwl
909.6

. e o
Kd}.ssoc: %

[L,M- )¢
0

[L, M-
0.0288
0.0210
0.0158
0.0223
0.0448
0.0177

[L]
0.1023
0.1354
0.1181
0.0958
0.0448
0.0912

b .
Mobsd Mobsd/Mcalcd

a

[free L
d, g/mL added] Meateq

complex

(Ph,P), AgBH,

647

100

2.0

0.0575
0.0506
0.0362
0.0511

0.0288
0.0296
0.0204
0.0288
0.0510
0.0288
0.0288
0.0288
0.0617
0.0617
0.0617
0.0325

0.0735
0.1144
0.1023
0.0735

0.0262
0.0290
0.0200
.0.0283

573
553
554

981.7
981.7
981.7

0.33
0.41
0.33

0.0086
0.0046
0.0065
0.0062
0.0111

(Ph,P),AgH, BCO,C, H,

522
592
580
561

981.7
953.6
953.6

0.32
0.15

0.0958
0.0465
0.0465
0.0490
0.0643
0.0648
0.0651
0.0388

0.0735
0.0570
0.040

0.050

0.0275
0.0275
0.0275
0.0372
0.0416
0.0408
0.0210

(Ph,P),AgH,BCO,H

953.6
602.9

0.12
0.14

0.0111
0.0086

0.0177
0.0202

0.0747
0.0602

578
643

(Ph,P),CuBil,

674.7
661.0

(Ph,P),CuH,BCO,C, H,

626
541

(Ph,P), Cull, BCO,CH,

(Ph,;P),CuH,BCO,H
% The concentration of complex added based upon the theoretical formula weight and the amount added. b The observed molarity based upon vapor pressure osmometer readings. ¢

646.9
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obsd — Mcalcd'

! Actually

B (L, M~1/Mga1eq) X 100.

Formula weight based upon stoichiometry shown. £ Molecular weight calculated from osmometric data.

f
J Done by Cariati and Naldini with the same molecular weight obtained.'®

 [LI[L,M-)/[L;M-].

caled — [L:M-]

d

(Ph,P), AgBH, + Ph,P.

Jérry C. Bommer and Karen W. Morse

borate complex than in the tetrahydroborate complex. The
separation between terminal and bridging stretching fre-
quencies is -somewhat smaller for the copper (ethoxy-
carbonyl)trihydroborate than for the tetrahydroborate complex
which suggests that the covalent interaction of the (ethoxy-
carbonyl)trihydroborate with the metal may be weaker if the
separation is primarily a function of redistribution of electron
density, Marks et al.?! have pointed out that the frequency
difference between B-H, and B-H,, vibrations should decrease
as the B-H force constants become more equal and covalent
inteéraction with the metal weakens.

The infrared spectra of (Ph;P),CuH,BCO,CH; and
(PhsP),CuH;BCO,H are very similar to that of the corre-
sponding (ethoxycarbonyl)trihydroborate complex. In the
trihydro(methoxycarbonyl)borate complex a sharp peak at
2940 cm™ due to the asymmetric CHj stretch distinguishes
it from the ethyl derivative. In the (carboxy)trihydroborate
coinplex, the absorptions due to the ethyl group are replaced
by wedk absorptions in the 3300-3400-cm™ region which are
assigned to the O—H stretching mode.

Coordination through the carbonyl group of the CO,R group
is also a possibility, but any coordination through this group
would have the effect of lowering the C=0O stretching
frequency®? which occurs at 1630 cm™ for the free (eth-
oxycarbonyl)trihydroborate anion. Upon complexation,
liowever, an increase of approximately 30 cm™ is observed for
all of the (¢arboxylato)trihydroborate derivative complexes,
indicating no direct interaction between the carbonyl oxygen
and the metal. The increase in frequency is a logical con-
sequence of the inductive effect as a result of complexation
to a positive center through the hydrogens of the borane group.
Other absorptions due to the (ethoxycarbonyl)trihydroborate
group have been assigned with some degree of certainty and
are consistent with those of the free anion.!* One of the
absorptions assigned to the symmetrical B-H, stretching
miodes in tetrahydtoborate complexes!®'320 is not found in the
(alkoxycarbonyl)- and (carboxy)trihydroborate complexes
presumably because of the lower symmetry of the latter. Peaks
due to bridge stretching modes (1500-1300 cm™1) and B-H
deformation (1300~1000.c¢m™) for most of the (alkoxy-
carbonyl)- and (carboxy)trihydroborate complexes could not
be assigned because of conflicting phosphine ligand absorptions
and other absorptions due to the (alkoxycarbonyl)- and
(carboxy)trihydroborate ligands.

The carbonyl absorption for the (carboxy)trihydroborate
complex is unique in that in CHCl, a single absorption occurs
at 1655 cm™!, whereas a doublet occurs in the solid state (both
KBr and neat samples) with peaks at 1660 and 1635 cm™'.
The two peaks are equal in intensity, suggesting that the solid
state consists of an equivalent mixture of hydrogen-bonded
and non-hydrogen-bonded complex. This could be accom-
plished through complex pairing with an orientation favoring
hydrogen bonding through one OH group or could be due to
crystal effects although this seems less likely since other similar
phosphine—(carboxy)trihydroborate and (ethoxycarbonyl)-
trihydroborate complexes do not exhibit this effect.!

The infrared spectrum of the silver complex (formulated
as tris(phosphine) or monodentate M—H~B) in the solid state
strongly supports coordination to the silver through the hy-
drogens of the borane group as both terininal and bridging
B-H stretching modes are observed. The positioning and
separation of these two absorptions are someéwhat unusual as
compared to bidentate tetrahydroborate!¢#2® and bidentate
(carboxylato)trihydroborate derivative coniplexes. Both peaks
are broad with no clear indication of splitting. The terminal
stretch at 2340 em™' is noticeably lower and the bridging
stretch higher than for comparable bidentates which may
indicate an overall increase in the ionic character of the co-
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ordinate metal-hydrogen bond.?! This hypothesis is in line
with the observed lower solubility in organic solvents of the
singly bridging (triphenylphosphine)silver complexes compared
with their bidentate copper counterpart. This was particularly
observed in preparation of NMR samples since insufficient
samples of the silver compounds could be dissolved to obtain
IB NMR easily. One must be careful, however, in une-
quivocally concluding that the individual metal-hydrogen
interaction is any more or less covalent in one mode of co-
ordination than the other based upon these data alone. The
position of the bridge B—H stretch is largely dependent upon
the electron density in the B-H bonding orbital and upon
electron density in any ligand—-metal orbital which may have
B-H antibonding character. The relative contribution to these
two orbitals for the bidentate and unidentate modes is difficult
to assess. Although the absorption in the 1120-1130-cm™
region might be construed to be supportive of the singly
bridging (ethoxycarbonyl)trihydroborate in analogy to the
BH,™ modes,? no assignments were made because of inter-
fering peaks from (ethoxycarbonyl)trihydroborate.

The infrared spectrum of the silver (carboxy)trihydroborate
complex is very similar to its silver (ethoxycarbonyl)tri-
hydroborate complex counterpart except for the ethyl ab-
sorptions. Unlike the copper (carboxy)trihydroborate complex,
the silver complex exhibits a singlet at the expected position
in the carbonyl region, indicating hydrogen bonding is not a
significant factor in the solid-state structure. This may be due
to different steric constraints placed upon the complex by
coordination of the third bulky triphenylphosphine group.

NMR Spectra. The proton NMR spectra of the complexes
show the presence of the aromatic multiplet (6§ ~7.3) due to
the triphenylphosphine groups. The borane hydrogens are not
observed under normal operating conditions. This is a result
of partial decoupling of the boron from the hydrogens by
quadrupole-induced "'B and '°B relaxation. The fact that
“thermal” decoupling?® between the nuclei occurs at tem-
peratures well above those at which decoupling might be
expected for the free anion is further evidence of covalent
interaction between the metal and the (alkoxycarbonyl)- and
(carboxy)trihydroborate (the nature of the cation in ionic
species seems to have little effect upon the “thermal” de-
coupling of the tetrahydroborate anjon??). Fluxional behavior
renders all of the borane hydrogens equivalent on the NMR
time scale and thus only limited structural information may
be obtained. Thermal decoupling is observed upon lowering
the temperature with the result being the appearance of a
single peak. (See Figure 1a for an example). No indication
of a slowing of the fluxional B-H hydrogens can be detected
with the decrease in temperature. Solubility precluded
temperature studies low enough to observe signal collapse.

The !'B NMR spectra of the complexes substantiates the
.presence of the BH; moiety by the presence of a 1:3:3:1
quartet. Different degrees of broadening occur depending on
the complex and the effectiveness of thermal decoupling for
the various complexes. )

The differentiating features of the proton spectra for the
complexes are as follows. With (ethoxycarbonyl)trihydro-
borate complexes the triplet and quartet assignable to the CH,
and CH, groups, respectively, are present in their expected
regions. The trihydro(methoxycarbonyl)borate complex
displays a sharp singlet assignable to the methyl protons
whereas the sharp singlet in the (carboxy)trihydroborate
complexes is due to the hydroxyl hydrogen. The hydroxyl
hydrogen resonates in the same region as the hydroxyl hy-
drogen of alcohols in CDCI,; and much further upfield than
that of acids, to which they are structurally much more closely
related. This high-field absorption (hydrogen bonding would
move the absorptions to lower field) along with the infrared
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Figure 1. 100.1-MHz 'H NMR spectra of (PhsP),CuH;BCOOC,Hs:
(a) in CDClI; (dried) at ambient temperature (B-H hydrogens at low
temperature (-50 °C)), (b) upon initial dissolution in CDCl; (not
dried) at ambient temperature, (c) after 14 h in CDCl; at ambient
temperature.

carbonyl absorption which is very similar to those for the
(ethoxycarbonyl)trihydroborate complexes support the absence
of extensive inter- or intramolecular hydrogen bonding in
chloroform solution even at high concentrations.

A complicated situation surfaced in the 'TH NMR studies
of the ethyl group in complexed (ethoxycarbonyl)trihydro-
borate. In the 'H NMR spectrum of the noncomplexed
H3BCOOC,Hj™ in Me,SO-d, the methyl absorption occurs
at 6 1.07 and the methylene absorption at 6 3.79 (Table I1I).
The chemical shift of the methylene group upon bidentate
complexation in the (triphenylphosphine)copper complex
changes oppositely (toward higher field) to what would be
expected based upon direct electron-withdrawing inductive
effects normally accompanying coordination to a positive
center [free ligand, dcy, 3.79; complexed ligand, ¢y, 3.58];
e.g., the electron density on these hydrogens would be expected
to decrease upon complexation and absorption of the CH,
hydrogens of the complexed anion would be expected to occur
at lower field values.

Anisotropic shielding by the carbonyl = system does not
account for the observed values since such differences would
also be observed in the trihydro(methoxycarbonyl)borate
complex and would result in a much larger change in carbonyl
stretching frequency than is observed. Anisotropic shielding
of the anionic ligand by the phenyl groups does not account
for the opposite shifts of the CH, protons for the singly bridged
complex compared to those: of the doubly bridged complex.
The average CH,~Ph distance is certainly comparable in the
two cases.

Models show the least amount of steric interaction between
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Figure 2. Plots of equivalent conductance (A.) against the square
root of concentration for related copper and silver complexes in
acetonitrile solution.
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the ethyl group and the phenyl groups in the complex
(Ph;P),CuH;BCO,C,H; if the ethyl group is oriented such
that the methylene protons occupy the highly shielding portion
of the induced magnetic field about the carbonyl. If the lowest
energy state for the complex is that particular orientation, the
anomalous NMR results for the complex are explained.
Phosphite ligands provide considerably less crowding than
phosphine ligands according to Tolman’s cone angles®® and
models. Consequently, the barrier to rotation out of the highly
shielding position for the ethyl group should be lower. 1n fact,
the resulting chemical shifts for the C,H; protons in corre-
sponding phenyl phosphite complexes'* are very similar to that
of the free (ethoxycarbonyl)trihydroborate ligand as perhaps
the anisotropic effect is fortuitously attenuated to the point
where it nearly balances the expected classical inductive effect.

The chemical shifts of the ethyl groups for the complexes
in which the dominant complex form exists as the tris-
(phosphine) singly hydrogen bridging species in solution are
more representative of the expected inductive effects of co-
ordination. Models illustrate that in the monodentate H-B
coordination mode excessive steric interaction between the
phosphine ligands and the ethyl group occurs without requiring
a preferred orientation while still maintaining rotational
freedom about the other bonds. It would appear, then, that
the change observed in the methylene shift upon monodentate
coordination is due to inductive effects alone.

Conductivity Data. Since the equivalent conductance is a
function of the extent of ionic dissociation by a species in
solution, it is also substantially dependent upon the degree of
covalent interaction between the cation and anion. Although
not a great deal of information may be obtained from con-
ductivity studies, we felt they were justified since conductivities
on similar complexes have been reported® and thus comparison
of results and trends would be possible.

The equivalent conductances of the copper(1) and silver(I)
(ethoxycarbonyl)trihydroborate complexes in acetonitrile over
a range of concentrations are listed in Table III; Figure 2
compares equivalent conductances for new and previously
characterized cuprous and silver complexes.?* General
conclusions may be drawn from these values. If, as seems
likely, solvation differences are relatively unimportant, it is

Jerry C. Bommer and Karen W. Morse

apparent from the larger values of the H,BCOOC,H,~
complexes compared to those of the BH,  complexes at
comparable concentrations that the (ethoxycarbonyl)tri-
hydroborate ion is less strongly coordinated to the metals than
is tetrahydroborate. This is consistent with the lower charge
density present on the (ethoxycarbonyl)trihydroborate borane
hydrogens and with the infrared and osmometry (dissociation)
data,

Equivalent conductance is increased substantially by ad-
dition of excess phosphine ligand to a complex. The tris-bis
complex equilibrium (see next section) is shifted by addition
of excess phosphine, and increased concentration of tris-
(phosphine) monodentate species occurs for which the con-
ductivity is higher. (This increase in conductivity has been
shown to be true for diphenylmethylphosphine bis—tris
complexes.'*) 1In fact, even for those complexes which
crystallize with the bidentate mode of anion coordination an
increase in conductivity is observed upon addition of excess
phosphine, thereby suggesting formation of some tris complex.

Neutral Ligand Dissociation. Many transition-metal—
phosphine complexes are characterized by extensive disso-
ciation of phosphine ligands in solution.”>* Studies by Tolman
et al. on dissociation of nickel(0)-phosphine complexes?’ as
well as studies by Lippard and Mayerle*> on copper(1)-
halide—phosphine complexes indicate the extent of dissociation
can be primarily a function of the steric properties of the
phosphine ligands. Studies on our triphenylphosphine com-
plexes reflect dependence of dissociation on both steric and
electronic properties.

The results of some vapor-pressure osmometry studies of
various copper and silver complexes of BH,™ and substituted
(carboxylato)trihydroborates in chloroform at 37 °C appear
in Table IV. Ky, for the tris(phosphine) complexes is defined
similarly to the dissociation constant used by Tolman?’ for
Ni(0) complexes; i.e., Kysoo = [L][LoMH,BH,]/[L;MHBH,].
The magnitude of the constant is therefore proportional to the
degree of dissociation of the tris complex to give the bis
complex.

Examination of the data in Table IV shows that the dif-
ference between the observed molecular weight and the
calculated formula weight for each of the bis(phosphine)
complexes is small compared to the differences for tris-
(phosphine) complexes. This implies that compared to the
tris(phosphine) complexes the degree of phosphine ligand
dissociation of the bis(phosphine) complexes to give tridentate
BH; is small as is the combination of the bis(phosphine)
complexes with a free phosphine ligand to give the tris-
(phosphine) complexes. The former is easily rationalized in
terms of the presumed inability of the (alkoxycarbonyl)- and
(carboxy)trihydroborate or borohydride anion to effectively
occupy the coordination site vacated by the phosphine in the
bis complexes due to geometric constraints of tridentate BH;
on the pseudotetrahedral copper. The latter may be ra-
tionalized by the high steric requirements dictated when three
triphenylphosphines surround the copper ion which is small
compared to the silver ion.

From the osmometric studies (Table IV) Kyigoo for (tri-
phenylphosphine)silver complexes varies significantly as a
function of the coordinated anions with the dissociation de-
creasing in the order BH,” > H,BCOOC,Hs” > H;BCOOH",
A similar effect is observed for the tris(phosphine)copper(I)
halides:?® dissociation decreases in the order Cl > Br > I with
the differences most pronounced for (Ph;P);CuX complexes.
Thus it appears that for complexes in which the metal-
phosphine bond strengths are significantly affected by steric
repulsions as in the tris(phosphine) complexes, small differ-
ences in the coordinating anion also have a large effect upon
the phosphine-metal interaction. This could be viewed as the
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result of perturbations of the metal complexing orbitals by the
anion. It has been noted that flow of electron density from
filled ligand molecular orbitals with considerable B-H bonding
character into molecular orbitals with considerable metal-
ligand bonding character is considered general for all covalent
tetrahydroborate complexes.’ Depending upon the extent of
interaction of the metal with the anion, the shape and di-
rectional characteristics of the remaining metal bonding
orbitals will be affected. The stronger the interaction between
the hydroborate and the metal, the greater the possibility exists
that the remaining metal bonding orbitals will change. It can
also be argued that the more sterically restricted ligands are
unable to physically adjust to maximize their bonding to the
metal without encountering undue strain energy. The bond
between the metal and the sterically crowded ligands is,
therefore, much more susceptible to perturbations by the anion
than in less restricted systems. The differences in phosphine
dissociation of the BH,~, H;BCOOC,Hs", and H;BCOOH™
complexes of silver can then be rationally tied to the charge
density on the hydroborate or borane portion of the anion,
Since the tetrahydroborate has the higher charge density, as
illustrated by IR and conductivity data already presented and
by boron and proton NMR chemical shifts of the free anion
compared to that of free (ethoxycarbonyl)trihydroborate
(Table II and ref 14), it will interact more strongly with the
metal and thus affect the phosphine dissociation to a greater
extent.

The somewhat higher phosphine dissociation in the (eth-
oxycarbonyl)trihydroborate complex compared to that in the
(carboxy)trihydroborate complex is then expected based on
the greater electron-releasing inductive effect of the ethyl group
compared to that of hydrogen. Using similar arguments, we
may also explain the dissociation trends of the halide complexes
in terms of the electron density at the halide and its effect upon
the other metal bonding orbitals. Thus, interaction of the
metal and Cl, which has higher electron density than Br, results
in greater perturbation of the metal orbitals, thereby affecting
the dissociation to a greater extent.

-Synthesis of Complexes. Although most of the complexes
could be synthesized by published techniques,!s alternate
preparations for some of the complexes are available.

The trihydro(methoxycarbonyl)borate complex was pre-
pared during an attempt to prepare (triphenylphosphine)-
cuprous complexes of the (carboxylato)trihydroborate anion
(H3BCO,*). An unexpected reaction took place in a
methanol-chloroform reaction mixture of potassium (car-
boxylato)trihydroborate and chlorotris(triphenylphos-
phine)copper(I):

H,BCO, + CH,0H + (Ph;P);CuCl —
(Ph,P),CuH,BCOOCH, + CI' + OH- + Ph,P

From studies involving the (carboxy)trihydroborate®!® and 4

(ethoxycarbonyl)trihydroborate® eq 1-3 seem to be a likely
mechanism?®!' for complex formation. Complex formation
removes the equilibrium product, allowing the reaction to go
to completion. .

H,BCO,> + CH,OH = H,BCOOH~ + CH,0" (1)

0 - 0 -
i |
H,BCOOH™ + CH,0H = |H,B-C-OH| - |H,B—C-OH,[ -
O-H 0
| CH,
CH,
o
/
H,B-C +H,0 )
\
OCH,
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(Ph,P),CuCl + H,BCOOCH; =
(Ph,P),CuH,BCOOCH, + Ph;P + CI" (3)

Substitution of water for methano! under analogous con-
ditions did not result in formation of any isolatable (carb-
oxy)trihydroborate complex. In order to encourage metathesis,
which includes ion transport across a phase boundary, along
with possible complexation by the (carboxylato)trihydroborate,
a system was devised using calcium (carboxylato)trihydro-
borate and fluorotetrakis(triphenylphosphine)copper(I). It was
anticipated that the high lattice energy of the calcium fluoride
would provide the necessary driving force for the biphasic
reaction (4) to proceed. The water—chloroform mixture of the

2(Ph,P),Cu*F + CaH,BCO, —
(Ph,P),CuH,BCO,Cu(Ph;P), + CaF,| (4)

two reactants resulted in immediate formation of a new
complex, as evidenced by the appearance of calcium fluoride
precipitate. Somewhat unexpectedly the product was not the
(carboxylato)trihydroborate complex indicated in (4) but a
(carboxy)trihydroborate complex (eq 5). We had previously

2(Ph,P),Cu*F- + 2CaH;BCO, + 2H,0 —

attempted to prepare the (carboxy)trihydroborate complex by
titrating an aqueous solution of potassium (carboxylato)tri-
hydroborate to its first equivalence point and then mixing it
with a chloroform solution of (Pl;P),CuCl, with negative
results. Perhaps this reaction would be successful with a
different solvent system which would aid in removal of one
of the products. Attempts to use the calcium fluoride method
in Me,SO and DMF to eliminate-the possibility of formation
of the (carboxy)trihydroborate species resulted in incomplete
reactions and inconclusive results. The (carboxy)trihydro-
borate complex can also be prepared using Ca(H;BCOOH),*0
in place of CaH3;BCO,. The corresponding [(carboxy)tri-
hydroborato]tris(triphenylphosphine)silver(I) complex is
available from the reaction of (Ph;P),AgF and Ca(H;BC-
OOH); in a water—chloroform mixture,

Preparation and characterization of the (carboxy)tri-
hydroborate complexes provided the key to understanding what
had been puzzling solution behavior exhibited by the (eth-
oxycarbonyl)trihydroborate complexes. A proton NMR
spectrum taken immediately after dissolving
(Ph,;P),CuH,BCO,C,H; in deuterated chloroform (Figure 1b)
shows a large triplet at & 0.89 (Table IT) due to the methyl
group and a very small triplet of previously unknown origin
at slightly lower field (6 1.17). A spectrum of the same sample
taken after a few minutes shows a relative increase in the size
of the small triplet with respect to the large triplet. The same
phenomenon, although less conspicuous because of overlapping
peaks, occurs with the methylene quartets. After a period of
several hours at ambient temperature, the downfield triplet
had become larger than the upfield triplet (Figure 1c¢), in-
dicating the predominance of new species in the solution.
Various attempts to explain this phenomenon were made such
as dimerization, dissociations, and reaction with chloroform.
The lack of changes in the solution infrared spectrum cor-
responding to the changes observed in the proton NMR
spectrum, however, did not support any of these explanations.

It was determined that the one product responsible for the
downfield triplet was ethanol as indicated by its volatility, the
chemical shift of the newly formed triplet and quartet, and
the absorption of the substance by 4-A molecular sieves. The
determination of this product and the success in preparation
of the (carboxy)trihydroborate complexes led to a more de-
tailed reexamination of the proton NMR’s of the copper
(ethoxycarbonyl)trihydroborate complex. If water is present
in the sample of this complex, a small broad peak occurs at
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& 1.60. This peak disappeared as the ethyl peaks of C,H;OH
and a small somewhat broad peak appeared (6 3.14). That
the latter peak is characteristic of the (Ph,P),CuH;BCO,H
complex suggests that the overall reaction sequence is simply
the hydrolysis of eq 6. This reaction may actually be an
equilibrium although, under the described condition, it appears
to proceed substantially to the right.

(Ph,P),CuH;BCOOC,H; + H,0 —
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Reactions of halogenogermanes with Hg(ECF3), (E = S or Se) provide a route to the compounds GeH;ECF; and GeH,(ECF;),.
The latter in particular exhibit unusual thermal stability in comparison with related derivatives, as do the digermanes
Ge,H;ECF, prepared by reaction of the mercury(II) salts in diethyl ether with digermanyl iodide in situ at -63 °C. IR,
Raman, mass spectrometric, and 'H and '*F NMR data are reported and discussed for the new compounds.

Introduction

Questionable thermal stability has continued to be associated
with derivatives of germane embodying germanium—chalcogen
bonds since the classic difficulties encountered in isolating
digermyl oxide,? a congener of dimethyl ether. While it has
been reported that O(GeH;), and also methoxygermane,
GeH,0Me, undergo decomposition at 0 °C, sulfur- and
selenium-containing analogues appear to be less thermally
labile:® digermyl selenide? is said® to be unchanged after 6
days in the liquid phase at ambient temperature, although
under similar conditions yellowing of a range of methylseleno
species related to Me;GeSeMe has been noted.®

Our conclusion that the instability of digermyl oxide may
have been overestimated’ has provided a basis for a continuing
interest in this area. In the present paper we report the
synthesis of (trifluoromethylthio)germane and its selenium
analogue GeH;ECF; (E = S or Se) in which it might be
anticipated that the strong electron-withdrawing character of
the CF,; group might effect spectroscopic properties and
chemical stability.

Germylene dihalides, GeH,X, (X = F, Cl, Br, or I), de-
compose much more readily than the corresponding germyl
halides GeH,X, and efforts to produce the disubstituted
derivatives GeH,Y, in which Y is a pseudohalogeno group

bound through the nitrogen atom have met with failure.®! By
contrast we have been able to isolate the compounds GeH,-
(ECF3), (E = S or Se); these are the first examples of
well-characterized germylenedichalcogeno derivatives, al-
though (GeH,Se),GeH, has been tentatively identified® as a
condensation product between SeH, and Se(GeH,),.

Little is known about the substitution chemistry of di-
germane®® and of the very restricted range of compounds
Ge,H;Y (Y = F, Cl, Br or 1,'° Me or Et,!! or Mn(CO);'?);
those in which Y is an electron-withdrawing center, the halides,
exhibit the lowest thermal stability decomposing rapidly at
ambient temperature.!® We have found that at low tem-
perature Ge,H;I can be converted in high yield to give the
products Ge,H;ECF; (E = S or Se), novel examples of di-
germane derivatives incorporating germanium-chalcogen
bonds which possess good thermal stability.

Experimental Section

Details of relevant manipulative techniques and the synthesis of
germane and of halogenogermanes have been given previously.?’
Digermane!® was iodinated at ~63 °C as described!® by Mackay and
Roebuck. Samples of the trifluoromethylthio salts of silver(I) and
mercury(II) were obtained according to literature preparations.!4'
New compounds were fully characterized using spectroscopic methods
(vide infra).
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