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FOREWORD :

The fol]ow1ng account is the result of a research investigation
undertaken in the chemical laboratories of the University of Hﬁndsor
from August, ]970 to July, 1973, Each of the following chapters concen-
trates on a spec1f1c aspect of that investigation. Sinee the chapters_
stand relatively 1ndependent of one another, it seemed appropffate\to
reference each individualTv.' Hence, references are to be found at the
conclusion of each chapter rather than in a general biblioqraphv located
at the end of the ‘entire work, 7

In order to draw attention to the essential aspeEts‘of the

investigation it was decided to place the more general features of the

- Experimental Procedures in the APPENDIX along with severa] tables of raw

data bear1nq OnQMQFIOUS segments of the work Only the essential and

most immediate experimental phases of the investigation are included in

each specific chapter, "
Since the investigation touched on several aspects of the phos-

phorus-boron dative bond it was thought des1rab]e to include a general

backaround study pertaining to this subject. This 11terature survey can

be found 1n Chapter 1 in whlch an effort was made to give as thorough a

. review of the theoretical and research deve]opments on the P-8 bond as

possible within appropriate space limitations. ] <

The author wishes to express his qratitude and appreciation for
the assistance that he has received in the course of this 1nvestigat10n

fr0m several persons and groups fn the Chemistry Department of the

iv - f/
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University of Windsor. The graduate students in the ‘inorganic laboratory
.. where the research was. congucted cuntrlbuted much by their continued

1nterest and helpful suggestions throughout the course of the work. The

varlous menbers of the-Graduate Faculty were of 51qn1ficant ass1stance

by their willifhgness to listen, to offer help, based on experteuce.mand

give advice. The author wishes to explicitly acknowledge the help of

Dr. J. L. Hencher of thiskDeuarthent who spent many huurs in checking

the asuignments of the vibrational spectra by means of normal coordinate

analysis. ‘ ;

éuecial appreéiatiou\;;,due to Dr. John E. Drake under whose

supervision thié work was carried out, His interest and many helpful *

discussions contributed substantially to the progress of this work.

L ' ‘ _ Windsor, Ontario

: O auly, 1973
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ABSTRACT

A series of 24 der1vat1ves of phosphine borane of general formula
- RyPH3.BX3 (R = Me, Ph; n 0, 1, 2 X =H, F, C1, Br, 1) have been pre-
pared, - Approximately 30 adducts of general representation MenPHa_anzY
and MepPH3 nBXYy (X # Y = H, Fy Cly Br, I; n = UY 1) comprising “mixed
species" have also been prepared. Both very low solubility and
generdl)y/weak P-B bonds are typical characteristics of all adducts.

B Nuclear magnepjc resonance_spectroscopy\gf various nuclei: M,
tg, 3tp, and P*F, is utilized to study ihe several adduct series,
Infrared and Raman spectroscopy are employed in the vibrational analysis
of the adduct series PH3BX3 (H = 'H, 2H; X = C1, Br, 1).

Trends in the ' n.m.r., parameters of the five R, PH3_ BX3 series
(R = Me, Phyun = G, 1} are presented Chemical shifts and coupling
constant data are examined as to their utility as ind1cators of relative
acidity and basicity of acceptor and donor moieties. .Temperature
(dependent spectra are examined as qualitative indicators of adduct
stability, | | _

Halogen redistribution to form mixed adduct species is also
studied by H n.m.r. | Some 15 boron halide acids, BX,Y and BXY, are
placed in an order of decreasing Lewis acidity as determined on the
basis of 81y and JPH for-two adduct series (PH3 dnd MePHZ). Hnlogen—
hydrogen exchange on boron is smmi]arly studied. Fin&Ny, equilibrium
constanté for halogen redistribu;jon reactions are evaluated by means
of ™M n.m.r. Assuming thqt the mole percent of each component in the

mixture is propbrtiona] to the area qnder each respective peak,

~ x

~

——



;
equilibrium constants are 6btained. Comparison is made with those
obtained from redistribution studies of *free" boron trihalides. Results
are also compared to the “random d1str1bution case,

Y'B n.m.r. parameters are obtained for both the 24- and the 30-
component adduct syétems Again, chemical shift and coupling constant
~ (Ipg). values are investigated in terms of thejr usefulness as predictive
ind1cators of Lewis acidity and basicity, as well as of adduct stabil-
ity. The results are compared w1th those der1ved from the H n.m.r,;
investigation.

P n.m.r. parameters are presented fo} only those systems which
‘are suff1c1ently soluble to permit 1nvest1qation. namely, RnPH3_nBH3 |
(R = Me, Ph; n =0,"1, 2) and PH4BH,X and PH3BHx2 (x = C1, Br, I).

Chemical shift and coupling constant data are examined on the basis of

their "internal consi tency” with the nuclear magnetic resonance data
obtained in the M amd 'IB. studies.
"’F n.m.r. parameters are obtained on all BFq adducts. Chemical
shift values of fluorine are related to adduct stability and donor
basicity. Jgr ard Jpgr values are'&iscussed

A vibrational ana]ys1s of the adduct series PH3BX3 and PD3BX3 is
undertaken in an effort to assign the fundamental vibrational modes.
. The Raman 1nvestigation is carried out on solid and solution (CH3I and
CHoCl5) samp?es. Polarizat1on data is obtained where possible The
1nfrared study is carried out on HNujol mulls and CsI pellets of the
" solid and on CH3l and CHyClp solutions of the adducts. Assignments are

checked for agreement with calculated Product Rule ratios.

xvi



CHAPTER I o

s
———

g THE BORON-PHOSPHORUS DATIVE BOND--A BACKGROUND

The nature and charaéteristics of the coordinate bond as fou&d in
molecular addition compounds have been the focus of considerable dis-
cussion and rather intensive investigation for a relatively Tong period
of Eime. The Group 111 elements of the Periodic Table, because of thetr
electronic strutture. form a wide variety of compounds which have found
extensive use as acc;ptor species in dative bond‘studies. This is_
especially trgf of boron as attested to by the rather large number of
reviews concerned ﬁith the coordinate link formed by‘comﬁounds of tri-
valent boron. Soméiof these have dealt with the addttion compounds of a
specific acceptor species such as boron trifluoride, BF3,122 boron tri-
chloride, BCl3,* boron tribromide, BBr,, and boron triiodide, BI4," and
borane.* [BH3].5’ ¢ Others have taken a more general approach by utiliz~

o

ing thé data associated with one class of acceptor molecules, for

example, the alkyiboranes."' to trace the variations in dative bond

properties with systematfé changes in the substituents on bo;bn. . o

In most surveys.one notes a considerable variety in the se]e;tion'

of donor species in dative bond investigations, Among compounds of the

First Row elements those of nitrogen and oxygen have found extensive use,’

The nitrogen-boron adduct, H,NBF,, was in.fact among the earliest known
) 373

compounds of this type, having been studied by Davy.’?. Donor molecules

“The [BH,] species, variously called borané¢ or borine, does not exist
as the stabfe four-atom entity except in combination with other chemical
moieties. MHence brackets are employ®d to indicate the hypothetical for-
mulation of the monomer. Diborane, BoHg, is tho stable hydride of boron.

al=

'S
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of Second Nnw conneners were not employed in addition-type reactions
with boron acceptors until considerably later, The phosphine adduct of
boron trichloride was first nrepared by Besson - in 1390 by reacting

equal volumes of PH; and 8Cl; at temperatures ]ower than 20°C.

1. The Structure of "Diborane Diphnsphina." Tt was not, however, until

1940, well after Lewis had formulated his electronic fnterpretation of
acid-base behavior,ll’lz that famble and Gilmont set the étaqe for a more
intensive study of the dative bond in molecular addition comnounds, They
reacted phosnhine with diborane at 104 tewperatures to nroduce the white
crysta111ne material which was called "d1borane diphosnhine" on the basis
of reaction stoichiometry, ' “ith seme reservations the authors tenta-
tively nroposed a phosphonium type fo;muTatﬁon for the ney comnound be-
cause of its chemical similarity to PHdBr in itslreactinns Wwith 1iquid
ammonia. Thus the chemical formulation for the nevl compound was qiven as
§H4+(BH PH BH3) The model used as a basis for this proposal was the
then-accented structura] postulate for the analogous diborane diammine,
NH4+(BH i, BH )' The possibility of the- monomeric solid, PHBH,, was
not ruled out; however, its existence in the gas phase cnuld not be
established. lumerous studies subsequently cohducted on the compound,
BZHS 2PH3, indicated thét neitﬁer the above formulation nor the alternate
(PH3BH2PH3)+BH4' hased on the revfsed structure of the "diarmoniate of -

diborane“* could adeauvately exnlain new data., A nas prase kinetic

A

The structure (NH 3BH,NH )t B!1,” was proposed ;fter the discovery aof
the borohydride ion by GchleSInaer and coworkers = but was discarded as

inadequate.’ ® Later work, however, pave additional support to the boro-
hydride model,!?
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invest1qat1on of the react10n between phosphine and d1borane was con-
ducted in an effort to determine the heat of d1ssoc1ation of diborann e
The proposed mechanism’ assumnd the formation of a P-3 addition compound:

Bollg  + Py 2 PHiBHy  + g, =
a BH3. { LR

It was not, hcvever until 1961 that a cg?ktalloqraphwc investi-

té

PH3BH3 .

qat1on oF the comnound by McGandy gave unequivocal evidence for the
monomeric formulation for the solid compound.l, The P-8 bond Tength

for t?@ adduct PH3BH3 was found to be 1,93 8. But neither the HLH bond
angles nor the L-H*bond distances (L =p, B) wern clearly determined.

The tendency of the solid adduct to dissociate intn it constituent mo]e-
cules at amhiant temperaturo and nressurs, or fo 11qU1fv at pressuras
'somewhat in excess of atmoséherwc contributed to the d1ff1cu1t1°s associ- ~
ated with this direct method of structural analvs1s Subseouent stydies
iof a more 1nd1rpct nature were requfrnd and were, in part, aiHéd by the
.“tenqencv of PJ3BH3 to }iqu1fv under pressure. Thys lh' and llB n.m.r,

. Studies on the neat h'qu'id20 aave spactral avidence consistent with the
monomeric interpretatioh Both: 1nfrared and Raran sdzctroscopic data
lndicated that the same structure is maintained in the sol1d phase.20 A
later Raman investiqat1on of the neat. Jiqoid lent additional support for
a sfmole Cay structura? conformatIon for the acid-hase monomer, “ Aﬂ H
n.m.r, study of PH3BH3 in solution estah]1shed that the compound main-
tains its monomeric structure in the nresence of CH2C12 so]vent

It was not until early 1973 however that the structura) details of.

PH3BH3 were precisely determined by means of the microwave spectrym of the

r
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gaseous monomer at at -700¢, By means of this indirect method, Durig
and coworkers23 completed the structural deterw1nat1on in1t1ated twelve
;ears earlier with the X- -ray crysta]]oqraph1c 1nvest1qat1on ' The
structura] Parameters of phosphine borane are recorded 1n Table I - 1.,
It is to be noted that the P-B bond d1stan;; in the so]id phase is
essent1a]1y the same as in the gaseous phase. Hence the dat1ve bond in

phosphine borane is apaarent]y llttle affected by change of physical

state,
TABLE I .
The structural parameters of DhOSphinP borane a; deter-
ned from the microwave spectrum; bhond d:stances in
£ 0.003 R; bond anqles in deqrees + +9.2°
Bond Distances : Bond  Anales
I 1.937 = 0,005 e 1936
B - H 1.212 8P agig.0
P.H 1.399 - Hay 1146
- i HPH RLEE

The structural determination nf‘phnsnhine'bnraéé, at least as to
its‘basic'qeometrv, is in a sense fﬁnddmenta];to the further investi-
qation of the P<B hond fn 1ts various derivatives. Uqlnss structural
s1m11ar1tv maintains between the commounds studied, it wou]d hardlv be
of orof1t to undertakn the rat1ona11zat1on of either anomalous or con-
sistent behavior in a given series. Hith structural similarity of the
adducts as a basic assumntion, a systematic investination of the various

nroperties such as relative stab11it1es. heats of formition, exchanoe

i
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processes, dipole mements, charne transfer, vibrational and maqnetic

resonance snectra can all shed liqht'on the nature of the P-B interact-

ion,

v

2. Phosphino- and Aminoboranes, AMthough this studyﬂ1s concerned with

N

2 specific qroup of addition compounds. narfaly, phospQ&ne borane and its
derivatives, it 1s appropriate at this point to mention that treatment
of a specific Sroun V donor molecule w1th a boron Lewis acid does not
always result in the format1on of a 1 1 adduct. As might be expected a
sianificant d1sp1acement of charge accompanies adduct formation and this
could have the effect of introducing a substantial degree of ionic
. character in the substituents on both donor and acceptor atoms. Thus 1f .
conditions warrant, a 1:1 adduct may indeed react in an intermolecular

fashion to yield cyclic ar polymeric nraducts, Borazine (nr borazole),

3N3H5. was originally prepared by Stock and Pnh]and and was assumed

to possessa polvmeric cvc]ic structurp analoqous to benzene with an
alterdating B- N ring structure. The correctness of this assumption was N
later confirmed by electron diffraction studies. * The” synthesis of
this compound was explained by assuming an initia] formation of the
fonic adduct H3NBH36 followed bv a stepwise elimination of hydrogen

-H, -H, .
HaNBHy 2. HoNBH, —3s  uNpH = + Balgfs .

Niberg ana co-ﬁorkers ?T’z found that thermal decomocsit1on‘6f the
compounds Me nMH3_ nBMe3 (Me/— CH33 n =1, 0) Ted to cyelic six-membered -
rings with the elimination of methane,

An ana]ogous chemistry has been observed with respect to some

29
phosphorus-boron addition compounds, Burq and Vagner found that the

. '
-
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adduct "eZPHBH3 loses hydrope;‘upon héating to form Eyc1§c trimers and
tetramprs of general formula (“eZPB”Z) Yhen .intermolecular processes
accur between addition compounds formed by boron ha11des with hydrOQEn-
conta1n1nq phosphine 1inands, HY is e]iminated. ? The cyclic strqctures

. of these P-38 svstems have been confirmed by'electron diffraqtion

(\j:udies.al'lz The P-B hond in compbunds of this type differs consider-
ﬁ 1y in its properties from that found in a&HTE?on compounds._ Unlike the
latter, phosphinoboranes are typified by resistance-éo diss&ciation and
thermal decomposition, 1nsen§itivity to air and.low reactivity tovards
acidg and bases in hydrolytic bond cleavaqge reactions. The unusually
inert character of these compounds js attributed to a supplemental
{p-4)7 bondinq betweeh.horon and phosphorus with some charae contribu~-
tion from the B-Y tl_onds.29 ’A thermochemical investioétion,has revealed
that similar differences exist between the coordinate bond in nitronen-
horan Edducts and ts counterpart in covalent N-B compounds of the iype
B(NR2)3 > and cyclic polvmeric specieé.jb- The mean N-B bond dissoci-
ation enerqv in these latter tvpe compounds iﬁ found to range batween
80 and 90 kcal/mole. 'Nn the other hand, in tyoical -addition compounds
like MeEHNB“ea ther§dhd dissociation en;rqiesalie hetween 13 énd 28
kcal/mole (T = 19.3- kcal/mote for' MeyHNB'e;).  Sunplegental (p-p)w
back-donapion may also plav a nart in the hidher stability of the co-
valent linkaqges but'it should Be noted that this‘a;qument has also been
emnloyed tn rat1ona112e_}he differences in relative stab1]1t1es between .

35
adducts themselves\ Internuclear bond distance studies on nitrogen-

boron compounds of both types héve shown that while the *-F bond distan;& L
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for donor-acceptor Compounds 1§ {n the range of 1,6 R,%c tﬁat for bora-
Zine is 1,44 R,7 and for B-trich]orohorazige it is 1.4 R_Jk Thi§ is in
contrast to the neaéﬁy identical P.8 bond lengths in the "dative" bonded
adducts, PH3BH. and.WePH28H3 ané ghe "Covalent" Efnded cyclic trimer
(HeZPBH2)3. In the 1:7 addition compounds the P-B bond Tength {s
1.937 8" ang 1.906 8, respectivelv; in the polymer it is 1.92 8.7

The contrasts a&d similarities in the structural data qiven abovg
h%thiqht a pBint of difficulty which intermittent?y anpears in the dis. ¢
Cussion of molecuiar addﬁct;systens. The difference in bong Tenath
Parameters batween N-B :adducts and N-B ﬁolvmers m;; ba internreted as
reflectinn a real difference between the dative bond.(formed by the -
doqation of both electrons by one of the bondiﬁq atows) and theltypical
cbvalent‘bond (formed by the mutual donation of onegglectron from each
bondiﬁg aton), The similarity in bond Tenqﬁts of the P8 systems Cited
above may be taken as evidence that no €ssential differences exist between

bond types once interaction has occurred,

. <
[

Evidencg based on charge transfer experiments\has been interpreted
as indicat}ng 2 distinction between the‘two tvpes of bonds. The degree
of iomicity in dative honds a5 a result of charge transfer is found to be_
qieater'than(in the analbqous covalent linkaqes.]9° Adduct formation be-
tween compounds of Gro;n IIT elements (8, A1, ra) and comnounds of Groyps
vV and ﬁl éiements (N, P, N, S) Has been found to result in bong ionigities
ranainng from-s'maximum o%-0.94 1,0.05.q (P~8) to a minimum nf 9 52 ti;lOI e
<
(0+Ga). Althaugh a-high fonicitv is found 1n phdsphorus-boron adducts

s a result of charqe transfer (PjPBHj and R3PBCY, have valyes of 0.92 ¢
7
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and 1,95 a, respectively; R = unspacified alkyl); n covalent systems of
fhe type R(PRZ) or in cyc]ic systems ]it le influence on bond po]ar1ty
is ohserved bevond the effects vhich can be expected on the basis of
eTectroneqat1v1tv differences (N.01 & ip nolymaric Pa B comnounds)

S1m1]arlv, nitroqen-boron adducts exhibit a bond polarity of 0 81 +0,10¢

as opnased to 1,13 e in cyclic svstems It might be obsarved, however,
that the differences in bond ianicity between ana]oqous systems may not
be due so much to rea) differences in bond tvne as to the cyc11c or

otherwise svmmetric structurn of the "covalent" svstems where delocali-

zation of charae concentrat1ons miaht readily oceur,

” "\‘

[ >
3. Theorinrs nf Nonor-Accentor Bondina, The pronnrties nf the donor-

accentor hond as found in simnle 1:3 adduct svstoms wore nlaced on a

thearetical basis bv P. "ullikan, "' Us1nq the va1cnce bond mpdeT he

descr1hed the coordinate bond as a resonance condition h“tW“Pn (1) a non-

bonding renulgiye state of the respect1ve no1ecu1es. .and {2) a auasf—

covalent hondinn condition resultinag from thc Tntpract1on of the ions
. ) .
N-"and ‘A", The total wavas functinn for the complex, thP resgnance

coqdition, was taken as the sum of the two opposing states:
\".

Presiptay T Ao gyt > (e

. Vo reoresents the "no-hond" waye function where hoth molecules are in

totally svmmetric nround states, that is, all valence alectrons are
paired., For A = RX35 this corresponds to ite triqnna] snl c0nfiauration
for D = PH3, the totally svmmetric electronic .qround state would coincide
with the p orhital descrfption The relative contrihutinns,nf "a" and

"b" terms are dependent upon the distance of separation between the
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interacting pair. At larqge dlstanceSJthe non- bondIng contr1but1on pre-
dominates At some lnternediate D-1 dfstance, a halance 1s struck- be-
tween the contributions and complex formation ansues Adﬁitiona] enerqy
‘adsorpt1on by the complex results in raising wres(nfﬂ') to an excited
state where the contribution from "a" is << "pn,"! The enerqy of either
a strong or a weak donor-acceptor complex 1n the excited state ;g a
surmation of the enerqgy requ1red to remove an electron from the donor
spec1es (I = ionization energy, donor), the enerqgy released fol]owinq
acceptance of the electron by the acceptor mofecule (E = electron
affinity, acceotor), and f1na1]y the coulombic enerqy released in bring-
.inq the twio ions, A" and D y to their equ111hr1um d1stance of separation.
In this state b/a is large, (Figure I =.1). 1In the around state, however;
the ret}o of "bf to "a" is only 911qht1v freater the? unity, Hence, the
actual extent of charae transfer in the ground state is thought to be
relatively'small, although qreater in the Stronger compTex An essential
difference betweren the two adduct tvpes liag in the depth of the gqround
state notential enerqv well, implving that the “h" contribution tn the
total wave funct1nn of the strong comp]ex is somewhat qreater than that
in the weak adduct. 1In the strono complox the non- al1anment of potent-
ial eneray wells ref]ects the difference in enuilibrium geometry of the
donor and acceptor species in the tun _enerqy states In the excited
state, both moieties are in a near-tetrahedral conf1qurat1on whereas in
_the around state. a ueometr1cal arrangement exists which 15 a comnromise
between Vd and w hz_ ] : '
Skinner and Smith made use of this model” in discussina the results

13
of their previously c1ted thermochemical studyv  and Kistiatowsky and
. s

T~ -
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,Figu?e I-1 -~ Pdtential eneray curves for (A} the wealk benzehe-iodine
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'Hil]iams~! 1n their gas phase stuﬁy of BF3-HenNH3_n reaction kfnetics
were Sble'to apply the mode} in interpretinq their data. Peaction rate
was‘obgerved to increase 1ﬁ‘near1y‘régul;r fash;bn with increasing "—-'
ﬁethyl supgﬁitutiéﬁ: NH3’< HeNHzA& HeaN, < ey M. The enerqie; ofrk
activqtién decreased Q:gPortionAte]y from 4 to 2 kcal/mole, The 4 kcal

upper ]imit'was’interpreted as the max{imum potential energy present at

the ihtérmegiate D-A distance, Subsequent waerfné of the' potentiaj

-

eneray barrier was attributeg to emhanced polarizability of the unshared
electron pair on the donor a;\a/gggglt of inductive effocts. A redistri-
‘bution.of the "a" and "b" contributions Ted to lower activation -energies
and stronger complexes . | ) |

| By means of the véTence bonq model, "Mulliken wac able to assemble
aﬁd exh]ain ;he obseryed experimental facts in a satisfactqry manner,
'h1thouqh the theory specifically covered both weak and strong adduct
systems, it has been pointed oyt that a molecular arbital description is.

) (Y Y

better suit€dtto the fnterpretétion of the strong comnlex System, In

‘the case of the former, it is only‘in the excited stafE_that bond ionicity

is é dominant,factor in bonding:

4

D+ A D) wnteamyy WY [5(0,0): 9(0.*eam)]

o i : e
minimal inflyence major contribution
in ground state to excited state

In comnlexes ofithis'type 3 substantial partign of the qground state

binding enerqy (2 - 19 kcal/mole) may reside in‘London\(dinole—induced'

L . . S 4}
dipole) disnersijon forces, ° In the stronqer.adducts, such as are the

focus of this study, w(D.+-A')_conth1butes-somewhat more significantly
. .}
ta the qround stfte binding enerqy (12 - 39 kcal/mole), For these

ERE 2
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a valence bond formulation similar to that given for heterOnuc]ear di-
[

atomic molecules," 5w = Z AP

cov » ¥ould not be inappropriateq

ion
(where A = a constant determining the asymmetry of chatge distribution -
~ or polar’characteristics of the bond),

The molecular orbital approach tor weak complexes as proposed by
Dewer and Lepley” postuiates that little thénge takes place in orbitalﬁ
energies of the donor and acceptor when adﬂdﬁt féormation occurs. \Charge_v
transfer is interpreted.as occurfinq between the highest occupied molec-
‘ular orbital (HOHO) of the dongr and lowest unoccupied molecular orbital
(LUMO) of the acceptor. This conceptualization permits a more facile

exp]anat1on of secondary spectral bands appearing in the electrenic

spectra of the adducts (Fiqure 1 - 2).
v
Figure I - 2 -~ Orbital energles and transitions in a molecular ,
complex formed by donor and acceptor species."

antibonding

ar _— . .7 antibonding
2nd CT —_—
\ — M
' \\\\ist CT .
. b
HgMo L+ LI
A ST
_ bonding . ; bonding

DONOR ACCEPTOR

The term "m-complex* has been. applied to the weak molecular additfon
compounds because a portion of their stability is thought to be due to
back~coordination 1nvo]v1ng interactions between filled orbitals of the

acceptor and empty ‘orbitals of the donor.*” The use of the term iép]ies

£
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@ basic distinction between compounds ‘of thig typ2 and the stronger
adducts., Yhether such a distinctinn has a basis in actual fact is a

LR}
point of‘controversy. Thus, Brieglieb = ip his work on donor—acceptor
4

-

boron triha]%des, This position is experimentally ‘supported in a very _
Fecent Eeport on BF3 adducts of aromatic a]dehydes.~9 Yet, in a recent
review on acid-hasge adducts,So the author cpricitly discusses the
"i1lusion”® that persists in assuming an essentiaj difference between

what are called weak “m-complexes" and strona "o-g-complexes, "

4. Methods of Assessing Adduct Stability and Acid Qf;gggg_Strengthr

The various methods aof Assessing the stabilitv of addition complaxes or

T~ a
of evaluating relative acidity and hasicity have benan amply ravieyed,
Only those methods will he briefly discussed here which have some

relevance to the materfal in subsequent chanters,

The qas‘phase dissociation of an adduct into fts component parts
vas early recoqnized as a natural measure of the stability of the donor-
acceptor bond. Furthermore, for a given acid-base series, where one
component is held constant vwhile the other is varieé in reqular fashion,
this parameter should provide a reasonably qood assessment of Lewis vy

* 52 /
acidity or basicity., Brown et al. made precise measurements of the

i

: 51 .

*In 2 discussion of his acid-base theory  Lewis pointed out that

neither acid or base strength could be viewed in absolute terms, but
must always he considered in terms of the conjugate with which inter-.

action occurs,
7 \ /
—
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thenna] dissociation parannters of the adduct series “te nftHs_ nBHe3 The
abserved deqgree of dissoc1ation, @, as a function ofrtemperaturg per-
mitted the calculation of Kp AH, AG®, and AS. The values which they
obta1ned together with" Qhose of the analoqous Me PH3 system taken from

512
another source are qiven in Table 1 -2,

TABLE T - 2
flas phaso dissoc1ation data for the Bwe3 addycts
of Me LH3 {L = n=20,1, 2,
COPOUND AH As | G0 *
HNBM 13.75 keal 39,9 _cal 3 keal 4.62
3T *2 moTe " moYezdeg moTe '
HEHZNBW93 17.64 -40.6 - +2.46 0.0360°
e B, 19.26 3.6 ' +2.89 0.0214
Mo NB2te 5 17.62 45.7 +0.56 0.472
H3P8?4e3 (not formed at temperatures as low as -78°C)
MeHZPBHe3 ‘@ at 20°C
He HPBHe, 11.41 K130 -1.69 ¢ 9.8
MesPBley 16.47 40.n +1.52 0.128

The enthalpy change, aAH, 1tself can be a refiable measuyre of adduct
stability only if the respective entropies of dischiation are relatively

' C]OSE. .
~ The anomalous order of observed §tabflity, H3N8Me3 < HeHZNBHe3 <

He3NBHe3 < HeZHNBIe3, was explained by Brown in terms of the B-strain

a.S'o

theory. According to this model, MesN, although potentially the
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strongest base of the entire series in view of the inductive effects of
the methy]‘qroup. is not able tn bind as strongly as would be expetted
because o% steric crowding among the six methyl grouéﬁ of the adduct.
hen the donor serieg ”enPH3_ﬁ was tested against the same reference
acid the order of stability (and hence, basicity) was observed to in-
crease in redu]ar fashion with increasing methyl substitutio'n.“'Ss The
results were interoreted as supporting the validitv of the 8- =-strain
theory since less steric hindrance occurs among the methyl qroups
attached to ‘the larner nhosphorus atom and -those attachnd to boron
Nuite recent nas phase stud1es of amine basicities 1in donor-acceptor
reactions b are in nood aqgreement with the reqular ordering of
basicity ag pronosed by Brnwn-rather than that actually observed in the
solution nhase. However, nas nhase studies have also shown that nrder<
of acidity and basicity can nnt be explained solely in torms of any onn

59, 1@
inductive effect, ! This is of particu1ar relevance in internreting

the effects of atkyl substitution on phosohorus in nhosnhine borane

-~

adducts,

Displacement ré&ctionshave heen emﬁ]oyed to qualitatively evalu-
ate relative stahilities of adduéts and strenqths bf acids and bases. ue
lost of these studies have employed H and H 5 nucTear mannetic resonance
rmethods to follow the course of such reactions and to identify reacting
snecies. Proton n.m.r. is aenerally preferred when the systems are of
limited solubilitv because of the enhanced sensitivit& of the 1H nucleus

to the imposed maanetic field as contrasted with that nf.thp B nucleus,

On the other hand, H m.m.r. spectra of mixed systems can be quite
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complicated by overlapping resonance signals and the same reaction may
be more easily followed by querving the l'B.n.m.r. spectrum, ©

Since adduct formation generally results in siqnificant re-
hybridization of the donor and acceptor bonding orbitals, it is to ba
expected that the strennth of the interaction Will be reflected in the
extent of rehybr1d1zation Nuclear magnetic resonance coupling constant
values are directly affected by the hybridization state of bonded nuclei.
Thus, as shall be seen in the body/ét’this work, the maqn%tude of the
phosphorus-hydroqen-couplina constant can serve as an index of Lewis
acidity or of dative bond strenqth. Less use is made of'boron-hydrogen
coupling constants because of their reduced intensity. The resonance
oeaks of protons attached to boron lack the sharpness which is normally
observed in 'H n.m.r. spectra. Signal broadening is attrihuted to the
] effects of the nuclear quadruonlp moment of the boron nucleus. This
momen® interacts with the fluctuating n]ectr1c-;\eld nradients producpd

11
B nucleus channes its eneray states rapidly, ‘thershy qi ing rise to a

at the boron nucleus bv the tumbling of the mn]eCUles;jiE;'a result, the
broadened resonance signal.

The Tovw solubility of manv 1:1 boron-phosphprus adducts has im-
nosed Timitatigns on the use of nuélear maqgnetic resonance as an analyti-
cal tool in this area of study. The BF3 and [BH3] adducts are qenerally
the most soluble members of various BX3 series and forrthis reason most
of the literature to date pertaihs to the n.h.r. nparameters of adducts of

these two acceptors.

In addition to the extensive use of~'H and '8 n.m.r, methods,’'p

!
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and "’ maagnetic resonance studies have aiso found considerable use in
efforts to evaluate adduct stabilities and acid-base strengths. Thig

. material as well as that concerned with infrared and Raman studies can

’ not he addequately surveved here. Tt wil] be systematically reviewed in

the apnronrjgte chapters of this investiqation.

LR

5. The Relative Strenaths of Accentor Snecies._ The relative strenqths

of Lewis acceptor soecies, as evaluated bv the methnds enumerated abové.
are observed to folloxt in aeneral accord with the glectron?qativities of
the aroups attached to horon. Thus;‘if_e1ettroneoative arouns are
located on hbron, complex formation ig facilitated, * nq the othar hang,
when e?ectron-donatinq qrouns‘are n]gced on baron, the comnlexes formed
are.often auite \-feak.u ﬁcwever. in the case of those Lewis acids which
are central to this Qork, namely, thé boron trihalides, acidities dp not
increase with increasing electroneqativity. The relativé-order of
accebtof ability, once thought to.b?~8F3‘> BC13 > 83r3 > BIB'~ has in
actual fact heen found to he opposite to that expected on the basis of
electfoneqativity consi&erations. T @ Tha rationalization of an °rd§r

of acidity BI3 > BBr'3 > BC]3 > BF3 is made in ferms of the delocalized
(p-p)7 hondina between the vacant p, orbital on horon and the occupied
non-bondina orbitals gn the adiacent haloaefis, N In order for anv sx3
species. to act-as an effective acid it must lose its n1a&ar sp? confiny-
ration and assume a'nearétetrahndral arranazment of atoms argund boron.
"For this to happen eneray is required tg overcome tha hond enerav result-
ina from the delocalized m=system. Additional enerqy s needed to effect

small changes in the BX o-bonding when the boron orbitals rehybridiza
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from $p2 to sp3 confiquration. The sum total of*tﬁese two terms is
called the reorganfzation energy. All but a very small pirt of_Fhis

s ;%tountéd‘for E;Wthe T-system. Except for 813 the rearqanization
energies of all the boron trihalides have been det;rmined (Table I - 3), N
Aﬁsuminq that the w-bond energy is directiy proportional to the out-of-
plane B-X_bendinq force consténts.70 the reoraanization enerqy of 813

can be closely estimated (Fiqure 1 - 3).

TABLE I - 3

'_The m-bonding and-reornani;atinn enerqie§ (kcal/ﬁqle) and the
out-of-plane hending, force Constants (1n dynes/cm=) for ther
boron trihalides. '

BF? ?C11 Rr, ?I1
m-Bonding Enerny 7.8 . 29,0 25,7
Peoraanization Energy : 483 30.3 26,2
OQut-of-plane Bendihg.l - _ !
QForce Constang" - N.86 0.41 T n.29 . n.24

!

A reorqanization'enerqv of about 24 kcal/mole for 813 vould seem to he a .
reasonablie estimate on the basis of the eitrapo]ated n=-bond enerav V&Tue
(fiqure I - 3),

Tvio recent paners, one hased on innizatipn potentjal determin.
ations by electron imnact and " calculations’' and the other baseq.on
nuclear-quadrunn]e resnnance‘data.72 have. suanestad that the gorder of

/ .
back-donation from haloaen tn boron Ts onposite tn that imnlied above:

and is in fact 313 > BHr3 = BC]3 > HF3- RPassett and L]ov'ln have howayer
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pointed out that the stabilization due to this back-bondind is in the
opnosite order and therefore consistent with R13 requirina the least de-
formation enerqy, '

It is cTear~that'the decreasinn trend in'renrnanization‘enerqvf
nardl]els that of increasinﬁ aciditv in the hornn trihalides., It s in
these terms that the acceptor npower of the bordn trihalides toward
var{ous Lewis bases is explained. The established order of Lewis acid-
1tv of these sdécies received additional confirmation in a recent

.electron spin resonance study of the BX3 corplexes of the nitroxide

Tk
froe radicalj\ The order of acidity i< BBr3 > BC1, » gr 3 AlCl

3
In a vibrational spectroscopic invest1qat10n of the aceton1tri]e
,comnlpxes of boron trihalides 7 the ‘relative order of BX3 aciditv is
lattr1huted to more than d1fference§ between rpnrnan1zat1on Pnernins _The
model pronnsed is nf part1cular interast bncausn of its nossible relation
to the molecular orbital bond1nq thearv of ad4ition compnunds dnvelonpd
by Newer and Lenlev. 7 In anv BX3 accepntor the enerny of ‘the lowest un-
occunied molecylar nrh1ta] (L) §e calculated to decrease with fncreas-
ing distortinn frOm hfanaritv (Fioure I « 4). The total enerav of the
svstem however increases hy reason of the enerny rnqu1re1 to distart or
reoraanize the molecule, The 1ncrease Jin tofa] eneray aof the system is
amn]y comnensated for bv the formation of the donor-acceptor bond, The
added dimension to thp d:scuss1nn of relative aciditias )ijag in the fact
that tho resnect1vn enerqv curves of the Yarious BX3 species are not
appreciably different but the energies of the lowest unoccunied molecular

orbitals are, Thus the LUMD eneray of BF, i 2.3 to 3.3 eV higher than

that of 8C13. Conseauently, BCl3 shouyld function as a better electron
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deqree of distortion from nlanarity for the EC]a
syster. * '
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accentor simnlv hecayse its LUMO §s more acceésihle than that of ‘RBF

{ for any qiven deqgree of distortion.

oraanized as vall,

it a better accentor species re]atibe to 8F

might also be apphied to BBr3 and BI;,

h.

‘hoth factors are seen to work simyl

3
But since BC]3~is more easily re-

taneously to make

3.' Similar considerations

The varyinn de-

The Borane Hyperconjunative

Y

araes of stability ohserved in addi;ion complexes,

“odal of p.R Bonding.,

'particular?y those

involving phosphorus and boron, have occasioned numeroug discussions

a
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' reqarding the natur: of hondfng in these systems, Reversale in base
"“} strenjth have also been observed and this has influenced the develop-
A ‘“\,
A .
i ment of various modular descriptiohs of the dpordinate bond in addition
L i

compounds, ’ }

~ Reference has already heen made to the explanation proposed by
Burg thii the unusual oxidative and thennai stability of po]ymeric
phosphinoboranes arises from a (2p- 3d or -&;)w bonding between boron and
phPsphprus vhich is supp]enental to the c-bonding batwéen the two. The
qreduced reactivity of hvdronen bonded to hnr?n towa rUthic solvents
suqaests a loss of hydridic character. 'This inertness is explained i
terms of a hvperconjusative drift of charqe from the B8<H bond into tﬁe'
ks adﬁacent (p-d)= systeﬁ of boron and phosphorug, A sim{lar explanation
| is used in the'cese~of the totally methylated svstems r(CH3)2PH(rH3‘q11 Ve
The model recent]v labelled the “horane hyparconjunative mode1" has
since been invoked_to rationalize the unexpected sfe5511ty (or.existeneej
of certa;n 1:7 adducts. It has also heen found useful in expiain1n§ rg-
versa]e in base strength. A valence bond “"resonance” picture o% this
. . , cqndition)mae be envisioned as a composite ef several structure of the :

type:

Graham and Stone refar to Burq's ﬁodel to rationa]ive the
ex1stence of CN- BH3 and the non=- existence aof- CN» '3F2 In the latter
compound hvperconjunation is impossible’ bEtaUSE'nf the he3;4;£oncen;

tration of charae in-the BF bonding system. The highly e ecironeﬁét{ve

yo

. . ,
2 -
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?1uorine atoﬁs do not permit drift of supp]ementaj-charne Tnto the
dative bond region. In sfmilar'faihion the existence of F3P8F3 and
F3N§F3 are exp]afged Comnatible also with boranz hynerconjunation i
- the observation that when both BF3 and 8H3 form complexes with liqands
that can hond on]v by means of a 3-bond, the stabilitieg of their
gdducts are r;thcr similar, nn chﬂ other hand, when 11ﬂ1nds nassessing
low enerqy vacant nrbital§ are involved, for pyawn1e Yool or "rof, the
borane comnlexes are 1nvariably stronqéri Yadden and cn--‘-orknrs77 in
a comprehensive investination of the tr1nheny]ohosph1r9 anducts of F"W31
-~ and BCT3 found the hvperconjuqative model co*npat1b1n with observations
on- entha]p1es of format1on dipole moments, infrared spectra, and chemi;
cal reactivity. In the latter <tudv the borane hydronen was found to he

e]ectropositive as would he predicted on the hasis of hvnerconjunation.

in bvo reactions In the first, ' ‘
. €1y ' _
i Ph.PBH + 31 —_— Ph,PRI., ~ + 3°HCY »
373 250¢ 33

IS
-

2 transition state‘inﬁolvinq e]ectronqﬁitive hydranaen g nrono:ed;

Phg r15'———~. PRaPRILT +  wCT,
;{ ~[_ O
'Ic the sécond: - ’
' o Phite
CPhPBH, 4+ HCY N » tht original comnaynd
3 FNOC . .

- - wWas recovered 1ntact after 48 hours, But when Ph PPD3 was employed, 1t

was found that exchanne occurs even at room tempprature The nronosed
¢ :

transition state is similar to the fipgt:

_j_ x
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n. Hs:

In contrast the borane hvdroqen atoms in alky]amine boranes react as if

thev are hydridic, be1na rep]aced by chlorine in IC] react1ons and

v1e]d1nq HZ in hydroqen hal1de react10ns e Supplemental m=banding in
the alkylam1ne horane compounds s ru]ed out by the absence of low lvinq
vacant orbataTs on nitronen,

“ The Tabilitv of borane hydronen but not of hydrogen on phosphorus,
has been noted 1n a nuclear maqnnt1c resonance study of the series PH3
BH3_¥%q (X =Cl, Br;n=1, 2) Laurent ggngl.a have exp1o1ted the
acidic character of borane hvdrog?n in sjmi]ar adddcts to, successively

halonenate trialkviphosphine boranes usina H-haloqeno-succinimides -

n . .
. : C—'Cuz h ) '
PBH3 + X-N | C- RBPBH X+ HN(COcH

R
3 AN 2

2)2

f .

Acidic hjdroqen on boranes has also been c1ted as the cause of polymeri-
3

zation of n1xed hydride-halide adducts, H3PBH3 Xn {n 21, 2) with the

evolutwon of HZ _ . ‘ -

e

Reversals in base strenqth have also been ‘exnlained in terms of the
boﬁane hyperconjuuative model Although this phenomenon is not uniques to
Horane adducts™ it is more pronounced, In borane adducts with fully

methylated donors P s N and S ». 0, Th1s js in contrast tn the expected

e 82

*For example, toward trimethylaluminum as a reference acid the order
of stability of adducts of fully methylated bases is N > Pand 0 > 5 > Se;
toward tr1methy1pa111uma] the order is N > ‘P, but 0 > Se > 5, See also
reference 35. '

-
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. ——— B . s
order as found in the BF3 adducts, °* QESince phosphorus and sulfyr

possess the lov enerqy vacant orbitals needed‘for m=-bonding with borane, .
the complexes are stronger than are those of nitroaen and oxyjen bases,
With 8F3, vhere hynerconjuaation is unlikely, the "normal" order pre-
vails,

The notion of SUleemental nw~bonding in sinple addition compoundéu
was utilized by Chatt’®*"" in his formulation of Glass "a" and Class "b®

acceptor species CTass “b“ character is thought to depend upon the

';“availabil1tv of electrons in the acceptor for n-bondinq. Thus BF3 is
character1zed as an acceptor of Class "a" type, while [BH 1 is said to

'possess mild Class "b" character. The "hard™ and "soft" termino]oqy of

Y3
Pearson can,. of course, be applied to these acids and bases The

secondary'bondinn capahilfities of var1ous snec1es are. reconnmzed Thus

the "soft acid"® [BH3] s .considered a potential m-donor; a "hard ac1d'

3 is thouaht of as a potential n-acceptor, Fertain excentions to tﬁ1s

- 86
general treatnent are mentioned, and 1n a recent rev1ew Rdht sneaks

o

of the difficulties encountered when terminnloay’ is tan c1ns=1v tied to

theoretical, and hence nrovisional, models.

Apparent. exceptinng to the hyperconjugative mgdel have been ob-

served, BRase strenath reversal has been noted for the acid Q(CHZ)
' 13} L——-—-_.__n
and BCI3 This latter is pmarticularly important because of the im-

I'4

possibility of a B-H hynerconiuqat1ve interaction. The mode? has a]so'

bean cal]ed lnto questfon thr0uah the fluorophosphine wark nfi Dudo]nh

a7
and Parry, F4P would be expected to behave-as a better n-acceptor )

toward [BH;] than FoHP, since the former has more electron-withdrawing

grouns attached 'to phosphorus. It jg found however that*[BH3] forms

- !



stronger adducts_with FZHP.

A recent review on outer d-orbital bonding re~examines the n—back.
bonding model relative to ‘the stability of phosphinoboranes.qs 4 re:
interpretation of the structural evidence, bond angles and bond lengths,
for (HezpBHz)slz an (wezpBH2j431 indicates that these molecules possess
a basic structure with Tittle substantial double bonding. The hiqgh
stabilities of the po]ymers.are thought to be inconsistent with the re-
quisite B-H bond weakening- concomitant with Hyperconjuqation. Infrared
data does not revéa] siqﬁificant B-H bond weakening, The high deqree of
"stability of these comnounds is instead ascrfbed to a k1net1ca11y con-
tro]Ted cond1t1on The known steric crovding of the ‘exo-cyclic qroups
hinders chemical athE?r“therehv enaendering a high potential barrier he-
tween reactant and product spacies. °

The resuTts of a recent,liB-IH n.m.r. invesfiqafiéﬁ oh phosphine
bo;ane adducts can be interpreted without recourse to the hyperconjuna-
tion hypothesis, ® The results of SCFM ca1cu1ation;indicate that d-
orbital participatﬁon and m=-back donatior p]av on]y a2 very minimal ro]e
in the coordinate bond1nq in PH3BH3 and PHBBF 1oreover Muetterties
has also observed that a simpler and perhaps more economical explanation
for the atypwcal bonding propert]es of [BH ] as compared to BF3 and
~other boron trihalides is to -be seen in the fact that the g- overlap
‘intearals in Cn- BH3 and F3PBH3 are qrealer than in the hvpothetical

91 - .
CO-BF3 and FypBF3." . . | :
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7. The g-Bonding “odel of p- é Bonding. The apparent 1nadequac1es ‘of
the hyperconJugative model of P-8 bonding in phosphine- bora;es have led
to the formu]ation of an alternative description, Rudolph, Parry and
co-viorkers PTa%2,9 have proposed a theory of P-B bond1nq without recourse
to m-back bonding arquments., The "g- bonding model® re]ates the strength
of the donor-acceptor Interaction to the intensity of the positive field
generated at the boron kernel and to two properties of the Lewis base;

(a) the dipole moment and (b) the po]arizab1]1ty of the lone electron
pair,

The under1y1nq orinciple in this conceptualization is that any
property of acid or base which promotes a close approach of the positive
bondlnq site of the one to the e]ectron cloud of ‘the other will favor a
strenqgthened 1nteract10n.

In the planar BX4 acids the symmetrical arrannement of qroups
attached to boron effectivelv reduces any localization of nosit1ve
charqe on boron, When the mo]ecuTar species undergoes rearrannement to
a8 nseudo-tetrahedral confiquration, the system hecomes quite polar with
2 siqnificantly positive site at boron. The effectiveness with which
this process occurs depends upon two factors The first §s extrinsic to
the system and is merely a funct:on .of the proximity of approach between
acid and base, The 1ntr1nsfc factor, alreadv discussed in some detail,
is the ease with which the acid molecule underqoes déformatlon. The natyre
of the aroups attached to boron determines the relative ease with wh1ch
reorqanization occurs, For examnle, when X is fluorine a 1arqe enernv

expenditure js required to produce deformation; this 1nhjh1ts the formation
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of a strona positive field at boron. On the other hand, when X is
hydrogen the iﬁitial energy requirement is less and a better condition
exists for ultimate bond formation,

As pointed out ahove, the external factor controlling the genera-
tion of a stronq field at boron is the c]osenoss with which the electron
pair an the donor can come to the potential bonding site. (This concent
is not far removed from one of the basic ideas of the Mullikan theory
cited ear]ier.~u) In nhosphine the donof orbital is laraelv. "s" ip
character; the electrons are rather tiohtly held relative to what is |
- observed in alkyl phosphines. This makés for a low dearce of polariza-

9%
bility and a low dipole moment (u = 0,578:0,010; = 1,100+
_ . PH3

Hize ePHy
n.019 Dgs). These cond1t1ons tend to make phosphine a poor coordinating
aaent even in those circumstances, where a positive field on boron is
qenerated with relative ease, as in [QH3]

. The electron-pair on nitrogen in ammonia on the other hand has far

more directional character than it does on phosphine. Unlike the latter,

ammonia approaches sp3 hybridization in the around state; hence the

additional p-character in the lone electron pair 6rbita1. A dipole
%6

moment of 1.47 N reflects thic condition, Tt {is internsting tp note

at this point that the dipole moments of methvlated amines fall from

B
1.47 D in ammonia to 0,61 D in "e§N The nppo§}§gd§cqnq is. tbserved

9'-.9 €

- in the phosphine analoques where u ranqes form OQSB D in PI'q to

2E€ . *
1.19 D in MeqP. Here is a factor which may conceivably play an ime

portant role in the base strenath reversals previousty noted and which
were satisfactorily explained by the hyperconjuqative model, To reiter-

ate, in borane adducts with fully mézﬁylated donors P > N and S > 0O as




donor atoms.

A substitution'of hydrogen by methyl groups on PHy increases the °
dipole moment and the polarizability of the ligand- thereby enhanc1nq the
strength of the b B c-bond, a substitution of’ hydroqep bv more e]ectro- -
negative species would be expected to produce opposité effects, In
actual fact the order of basicity of fluorophosphines toward [8H3] is
ohsérved to be PFZH > PF3 > PH3,3? That PF3 is a stronger base than
PHq i; explained on the basis of jts ahilitv (unliﬁé the‘latter) to hond
at unusua}fy short bond distances. Thus FqPBHy exhibits a weak, vot
relatively short bond (1.836 R)."7 The weaker, Tonaar bond in PH48H3 is
1.93 R.zj The electron pair on the dif]uorophosphine liqand is held
more loosely than.in the fully fluorinated compound and hence tends to
form a stronqer P-B bbnd with [BH ] (bond distance, 1.332 R ’° The no&-
existence of F3°3F3 and F3VBF« is explained on the bas1s of the higqh re- .

organization energy of the acid,

| {;The\explanatlon for the ohserved order of fluorophosphine bas1c1ty

toward [BH3] is not accomplished without d1ff1cu1tv and may point to some
inadequacy in the o-honding hypothesis of P-B bondina, Mo doubt the
factors which accompanv dative bond formation in phosphine borane¢’ are .
many and complex. It is interestina to note however that the two theor-
i iefly surveved above were formulated mostTv on the basis of data

obtained from Lewis base adducts of [8H,1. Tn the work which follows,

! ' .
data of various tynés, H, ''8,%'p, 19F nuclear maqnatic resonance, and

vibrational soectroscopic, have hean aqatherad on severa) RX3 {simple

A
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- .
and mixed) adducts of phosphine and jts derivatives, both alkyl and aryl,

With the wider perspectiye afforded by this mdteria], some indication
may be obtained as to the best direction to follow in further testing of

existing theory.
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THE 'H NUCLEAR MAGNETIC RESONANCE INVESTIGATION

'* J
 INTRODUCTIOK - e

The resuits of the -proton magnetic resonance investigation which

Vi

follow perta1n specifically to the M n.m.r. parameters of the proton(s)
d1rect]y attached to phosphorus and on]y incidentally to the 'H para-
meters of other subst1tuents on phosphorus A re]at1ve1y small number
of donor-BX3 studies have appeared in uhich Y n.m.r. parameters of
hydrogen directly bonded to the donor are used for diagnostit purposés.“f
.By way of contrast, the H n.m.r. barameters of hydrogen in a]kyi
groups attached to donor atoms in boron trihalide complexes have been
studied extens1vel§\anfthe years since Diehl and Oqq reported a downfield
displacement in the proton resonance shifts of ethano] upon complexation
————
with BF3 and BC13. 110 The re]evance of th1s material to the present in-
vestigation lies in the d1aonost1c value of the data relative to Lewis
-ac1d\base strenqgths and complex stabilitres. Consequen;ly;”a'brief |
survey of this ]iterature seems appropriate, ) . . ' }
,Alwide variety of aTky]-containjng Lewis bases has been_employed
in eomplexation reactions with both simple and mixed boron trihalide

species. Regardless of the donor used, however, complexation invariably

results in a proton resonance shift to Tower ffe]d,strengths.

1. Nitrogen Donors, Massay and Park, .as part of an investigation 1nto '

the properties of tr1s(pentafluonrghenyl) boron, used trimethylamine to
evaluate the relative acid strengths of several boron acceptors.!! On

e

736~
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the premise that with&rawal of electron density from the danor moiety
would be expected to requ]t in a methvl protnn dnsh1ﬂld1nq the stronqths
of the varwnus acfds wre correlatod with the ﬂann1tq*o nf dnunfieid-
shift exhib1tpd by the methyl resonance unon adduct forration, The orier

of decreasing ac1dity was qiven as: Bl > L3ry > ”Cl > ?(C )

573
BFy = [BH3] > Bﬁe3. This ordering vas found to ho in neneral anreement

with the resu]ts of a previous investination in whrch the n.~.r, nara-
meters of the boron trfhalide tr1methv1an1ne adducts in ch?oroform\sol-
vent had been corralated with adduct dipole momﬂnt< and heats of forma.
t1on 12 In the Iatté; study fBH3] vas foﬁnd to be a q]iqhtlv stronaer
acid than BF3. Furthermore, the methy] resonance in the “egﬂ ardducts
of BBF3 aﬁd BC1%7apnearPd as a rlosnTv spaCﬂ& 1:1:1:1 auartet, but onlv
as a s1nqlet in the other two. Jadducts, Thisg $ﬁ1ittinn *135 alsp obgeryed
bv another aroun’ and. attrﬁhutod to an 1nd1rpct nitronen<hudranan
toup]inq, J” ye This would be expectnd to V1p1d a triplet (Tlu; =’1)
rather than a cuartet, hnwever' the quartet has stnce been attrihyted

“to lona-ranne hnron-hvdronen tnuplinq, JBncH'l~ THis indirect coupl ing
has aTso heen observed for the d%meric species ('e2N1F? IPe ? Pademaker
and Ryschk&vifsch have ohserved the Tona= ranqe spin~-spin cnunling be-
tween H and B when boron is tetrahedral and exclusively connected to
nitroqen chlorine or bromine. They did not observe the counling when

H or F was a'substituent on hordn' _ h

| Cov?e and Stone, in theig studv of this adduct series in wvtthene
chloride. found BF3 to be somewhat more acidic than {BH4T contrﬁry to
the findinns of OnvszchuP and. Hil]nr' " hut the'discrenipcv, h91ﬁ& small,

"
is attrihutah]e-tq solvent effects.,

N
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Trimethvlamine has also heen used as a reference base in evalu-
at1nq the relative strenqths of a serwes of 14 mixed boron tr1ha1ide
acids, 1 In their order of decreas1nq ac1d1tv. the acids are Tisted as
Bl > BC1I, > 88r3 > BC]ZT > BCIBr, > qc128r > BFL, > 3C15 > 3F3r, >
BFC1, > BFZI > BF,8r > BF,C1 > BF,. * The mathyl rngnnance varies from
- 3.18 ppm for the BI3 adduct to - 2 58 pnm for the BF3 adduct, wfth'that
of the nure base ajven as - 2.20 ppu relative to tetrametﬁv]sflane, ™S,

In another study 1nvo]vinn acetonifrile as the reference bhaga?’®
the downfield shift of the methyl proton resonance was corre]ated with
the acidity arder: BI5 > BBrg > BCl13 >. BF3. Here also chemical'shifts
vere found to linearly correlate with adduct dipole moments. and heats of
formation. The chemica] shift values of the trimethylamine and aceto-
nitrile systems, converted from the Cps to the ppm scale, are presented
in Table 11 - 1. As ‘miaht be axpected, the downf1e1d comn]exat1on shift
is more pronounced for hydronen attached to a carhon a ta the donatinn
qroup than it is 1f further rcnoved " This was also ohserved in the-
spectra of the ﬂf3 adducts nf triethvlamine hut it was nnt found nossihle
to correlate thp dtfferoncp in methvl and mathv1en° chemical shifts with
adduct stability or leuws acidwfy.

[

2. Nxyaen Nonors, Dirfethyl ether Has fecent1y-heéhf55p1nyed as a

reference base in a nuclear magnetic resonance study of {ts adducts with

21
~ mixed boron trihalides in methylene chloride solutfon, 'y n.m,r,

*A more extensive listino of acid strength involving some 20 boron
trihalide acids 1nc1ud1nq four triple-mixed species: BC1Brl, BFBrI, BFC1I,
and BFCIBr, has since been published by the same authors, This second
study involved the use of both Me3N and 4-methylpyridine as rcference
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TABLg I -1

"Won.m.r, chemical shifts in pp% of the methyl protons in the BX
(X =H, F, C1, Br, I) adducts of trimethylamine and acetonitrile

"\

e ——— e
, Megt | Mol “eCH
(in CHCI1z) (in_Phin,) (in_PhK0,)
Free Base -2.20 - e ) | -2.10
[BH3] ~2.65
BF4 ~2,A2 S -2.76 ¢ -2.A0
BC1, -3, 312 -2.05
BBr, -3.13 . =3.23 -3.17
BI, -3.35

chemical shifts of the mixéd halonen species are found to be intermediate
between those of the corresponding unm1xed halogen species, The order of
dfsreaSInq acidity qiven in terms of 6CH3 is: BI3 > BBry > BC1Bry >
: BC]ZBr > BC]3 > BFBr2 > BFC1Br » BFCIZ > BF,Br > BF Cl > 9F3 There is .
- no reversal in strenath to he nnted in this series ag comnared to that
ohsnrved vihen tr1m9thv1am1ne was’ used as the reference hase. Tha tr1nlé |
mi xed boron halide, BFCIBY, is ohserved to internalate hetween BFRr2 and o
T
. BFC 12,_ The chemical shiffs of the methyl nrotons on the n1r9d species
rance from -3, 46“ppm (Hezﬂnra) to -3.94 pnn (H9209F3) wuth that of the
free hase in CH2C12 afven ag -3 38 relative to TS,

SeveraT ;ndbstiqatinns 1nvolv:nq reactions of - horon acids wukh T

17,22, z:,

simple and cyclic ethers have been reported, “Yhile the ‘ex-

pected‘corrﬁ?ation between chemical shift and boron ha]1de acidity is



N
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T =40.

-observed, the effects on chemical shift fkom steric hindrance in bule

- systems or from bond anisptropyv are noted,2?*2?? Furthermore, a word of

caution is injected relative to 1nternret1nq‘4pew1ca1 shift channes

+

-

solelv in terms of chanqes in electron density on hydronen, Nevertheless,

for the simple ether systems some interesting correlations are found,
Un11ke the previously cited triethylamine study, T is noted that in
the 1:1 BX3 adducts of diethylether differences between methyl and
methylene proton resonances correlate with acid strenoth: B3ry (835 =
59 Hz) > BCI3 (88 = 55 Hz) > BF4 (A5 = 39 Hz).? The diYering extents

of methyl and methylene shifts had been previously noted by Craiqg and

\

Richards®® for ether systems and by Gillespie and Hartman? ¢ for ketone
adducts with BX3 species, but norcorre]aéion was attewnted,

N,H-Dimethylforamide has been used as a comnlexing base for a wide
varietyof Lewis acids including transition element comoounds as well as
compounds of Groups ITI, IV, and v. 27 The restricted rotation about the
C-M bond at low temperature permitted the orderinn nf acidities in terms
of resonance shifts of both cis and trans methyl qrouns .

Tha\\the attack of the acid species (snec1ficallv. RK3 moietizg)
occurs at oxvaen in amides and oximas hasg heen suhstant1at°d by Lapnert

28 29
and co-workers,

3. Dther Donors, A recent exchange studv30 of 513 arducts of 1eos

renports parenfﬁeticallv the methyl proton resonance nositions of the BI3
adduct throuqh the BF3 adduct as -2,65, -2, 64 ~2.58, and -2.49n ppm,
respectively at -93° C, relative to TS, The methyl proton resonance of

the reference base on the same conditions is <2.14 ppm. _These results

v
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are in accord with thP observations made in other systems. A M and l'B

study of BXa adducts of the reference bases R E (R = Me, Et, 1so-Pr£
“E = S, Se, Te) has recently baen regorted. In all cases proton resop-
ances are seen to move downfie]d’with tncreasing acidity of the acceptor
speciés. -
! ' i .
In the following investigation, the H n.m.r, parameters are those
of hydrogen directly connected to fhe donor atom. As such, the chemicél

sh&ft difference (A5= & } on complexation should ba of

ligand ~ % adduct
areater maaqnitude than in the alkyl-substituted dnnors. Furthermore, the
chemical shift miqht be expected to bé more resnonsfve to subtle vari-
ations 1ﬁ the donor-accepfor interaction as a fupction of channes on
either moiety, Since phosphorus is the donor atom‘(l;:p = ), ‘the nro-.

nouhced P-H so?n spin coun]inn should also be of sionificant advantaqe

in assessinng aC1d base strengths and comnlex stabilities,

EXPERIMENTAL ,

| A1V adducts except for PhPHZBI3 and PhZPHBI3-were prepared by
direct combination of reactants in reaction vessels D and E on the vacuum
Tine.. Deuterated methyl phosphines were employed in order to.avoid the

'y n.m.r. methyl resonance which occurs in-very close proximity to the

upfield resonance peak of the PH doublets, | .
‘1, The Formation of the Adducts (993) PH Bx (h=10,1, 2: X =§H, F,

C1, Br). Equ1molar auantities (usually ca, 0.5 mmole) of the-donor

species and the appropriate Lewis acid (0,25 mmole for B?Hﬁl\d e disg-

v

- | tilled into evacuated vessel D at -1969C. As the contents were allowed
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to slowly.warm to.rodn temperature, the formation of a white, solid
material ensued. {In the case of the BZHB reactions, the adducts were
often c]ear liquids The warm-up was not allowed to proceed beyond
-ZOOC. Rapid warmlnq to room temperature resu]ted in the formation of

a so]1d polymeric species 12

and 1:1 adduct. The same procedure was.
followed re]at1ve to the BF3 adducts because of the1r 1nstab111ty with
respect to dtssoc1atlon )

After 1 hour at the specified temperature the vessel was opened -
munentar11y to the vacuum line to remove excess of either reactant. The

€03l (ca. 5 mmole)™ and a trace of tetramethylsilane were distilled on

to the product at -1960C. The tube was then sealed.

2. The Formation of the Adducts (CDq PHy Bl (n =10, 1, 2’. Boron

‘tr110d1de, in appropriate molar quantity, was purified by agitating a
benzene solution of the compound with a trace of elemental mercury in

a closed vessel under moisture-free conditions. The solution was then—
decanted in a dry box to vessel] E. The contents were frozen, the vessel
attached to the vacuum line and evacuated, and the requisite base dis-
tilaed into the tube. Upon warming and off-line agitat10n. the appear-
ance of a fine white prec1p1tate indicated adduct formation. Hith the
vessel back on the vacuum line and the contents at -789C the tube was
opened to the manometer, A slight positive p}essure indicatedlexcess

phosphine donor which was then pumped away. The benzene was céiefu]]y

-

"Use of CD3I as solvent For the (CD3) Pi; nB%3 (M =1, 2)  had to be
abandoned because of its tendcncy to solldxfy in the presence of these
adducts at temperatures as high as -40°C, (H2C12 was found to be a suit-
able solven§ for these systems, whereas its utility was severely limited
in the PII3H 3 System.

. 2 | o
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removed by vacuum distillation; solvent and TMS were added and the tube

was sealed.

o : : .
3. The Formatlon of the Adducts Ph PH3 BX (n=1,2; x = H, F, CI, Br).

fhe Tow vapor pressures of both phenylphosph1nes made ‘vacuum line mani-

pulation lneff|c1ent.' Consequent]y, a measured quant1ty of e1ther mater-

ial (ca 0.5 mmole) was transferred to Vessel E under m015ture-free con- .

ditions by means of a microliter syringe. Requisite volumes were calcu-
lated on the basis of llterature values for the densities of phenylphos-
phlne d, o= 1.0 g/cc, and dlphenylphosphrne d, .= 1.07 q/cc " Except
in the preparat1on of the BF3 adducts, a small quantity of benzene was
added to the tube prior to attachment to the vacuum system. The solution
was then frozen, the tube evacuated, and a measured excess of BX3 added.
Upon varming and aq1tat1on the adduct formed as a white precipitate.
(In the absence of benzene, rea-ticns occasionally exhibited considerable
localrzed heating accnwﬁan1ed by formation of yellow or orange products,
Benzene was om:tted in the preparation of the [BH3] adducts where BoHg
and the appropriate phosphine were allowed to react directly at 09c,)
*The beﬁzene was d1st1l]ed off and additional BX3 Was admitted to ensyre -
completeness of reaction. After 1 hour the tube was evacuated and,
except for the BF3 and [BH3] systems wWas opened to the pump for 15 min,

Solvent and TS were added and the tube was sealed.. f Ny

d

4. The Formation of PthHé_n§l3_jn = ], 2). A measired quantity of the

required phosphing in slight excess uaé'introduced into vessel‘E under
moisture-free conditions. Benzene was added,~f0]]pwed by- the addition of

2 benzene solution of purified BIj in approximately known molar quantity.
/s

N

’

N
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The unmixed system was frozen, the tube: evatuated and the reactants were
a]1owed to mix at as low a temperature as possibie. After removal of

benzene, the adduct was opened to-the pump over n1ght . Solvent and TMS

were added and the tube was sealed,

When not in use, samples of al] adducts were stored at -780C. A

vestigation indicates tﬁat at.temperatures higher than ~789C, kinetic
Processes involving the making and breaklng of the donor-acceptor bond
take place, Hence, there is likelihood of some free base being constant-
Iy present and ;2a1]ab]e for reaction with the solvent, This was
observed when samples were kept at\room temperature for some hours, )
resulting in the formation of a yel{ew solid, The compound may be a
quaternary phosphonlum salt similar tp the analoqous ammonium salt formed
by reaction of ethyldlmethylamlne Hlth ZCTZ,.Js Uncomplexed BI3 will
react with tetramethylsilane to give He3 il as one of the products, ’
RESULTS AND DISCUSSION | | / - A
The H n.m,r, invesf%qation of each edduct was conducted over a
unifqrmly yeried temperature range from -70% to room tempereture. When
adduct chdfeeteristiqs warranted, spectra wefe also recorded at higher
temperatures, The complete lisfinq of 'H n.m.r. parameters over the
entire temperature ranqe is tabulated for each adduct series in Saction

2A of the APPEHDIX - The 'H n.m.r. parameters for all five series of

adducts at -709¢C are displayed in—TabIe 11 - 2,
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1. Chemical Shift and‘ncid Strenath. The general-trend of the chemi-

cal shift within any of the five froups upon cormlexation is to lower
fleld (Table IT - 2; Figure IT - 1). This is consistent with what has
been reported in the previously cited n.m.r. studies of proton resonances
in alkyl arouns atgacﬁea to donor afops. The shielding of the oroton on.
phosphorus increases as the apparent strenqth of the Lewis acid decreases“
in accord with_thé generél]y accepted order: 813 > BBr3 > BCi3 >‘{BH3] >
BF3. As expected, the maqnitude of tHEwchaﬁﬁe in proton resanance 4.
position from free to complexeé donor is sionificantly larqer than the
correspording change in alkyl-substituted donors.* ‘Hhereas in the latter
AS varies by no moré’than 1.2 p.o.um. (Table II - 1), in the phosphiné
complexes A5 can be as larqe as 5.5 p.p.m, {as in PH3BI3). The smallest
value for A§ in these complexes is approximately 1 p.D.m. (PhZPH8H3).

A careful éxdhination of the table will reveal the saée irrequ-
larities between H n.m,r. parémeters of the [BH3] and BF3 complexes as
héve been observed by others while investiqating alkyl-substituted
donors and to which attentidn has already be qivenflz':7 Aside from
these discrepancies, however, the orﬁered downfie]& trend in.cﬁemical
shift within any of the five series does seem to he a moderately
effective indicator of afpeptor strength. Employing the concentual
model of Rué;?ph and Parry: the increaséd deshiel&ﬁnqnof the phpgphnrus

*

protons indicates a drift of charqge to an increasingly positive center,

namely, the horon kernel. The extent to which the boron kernel projects

*The H chemical shifte for ‘protons on alkyl groups attached to four-

- coordinate phosphorus ranges from -2.1 to -3.3 p.p.m.; on three-coordi-
nate phosphorus the range is from -0.9 to -2.2 P-pP.n. None of the four.
coordinate compounds for which values are given are adducts of the type
considered here,™® .
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a positive field is dependent upon the ease with which the BX4 spec1es
undergoes defonnatlon In BI3 deformation is most readily achieved s1nce

the planar structure is least stabilized by back bond1ng. For th1s
reason and others arising out of molecular” orb1tal cons1derations, BI3
has the qreatest electron afflnity of -the boron trihalides and conse=
quently has the greatest deshielding effect on protons attached to the
doﬁor moiety. BF3. because_pf its relatively strona (p-p)7 supplemental
bondina and higher unoccqpied mb&ecu]ar orbital exhibits weak acceptor
pover. a

The possibitity of the ]ocaiizatfon of charge on phosphorus or

within the P-B bond must be examined by means of ?'P or !'B n.m.r,

Rl ,"

2. Chemical Shift and Baﬁe Strenath.  An examination of the changes 1n
'chem1ca1 shift for the ent1re series of adducts upon methyl- or phenyl-
‘subst1tut1on at phosphorus reveals no obvious qeneral trend. For Men
PH3_ . adducts of any BX3 (x = 1, Br I) there is greater shie ding of
the phosphorus proton with 1ncreasinq methyl substitution. Th reverse
is true for We PH3 n adducts of [BH3] and BF3, UYhen Ph nPH3_p is employed
in adduct format1on there is a qreater deshieldinn of the phosphorus
protons with increasing phenvl substitution for ai] BX4 species The '
notable variance between &-values for the Me PH3 nBX3 and Ph nPH3_BX3 i
adducts (X = » Br, I) may, in some measure, be attributable to the de- |
shie]ding effects of ring currents induced in the phenyl qroun. by the

imposed maqnetic field. '»*?

This effect, together with the opposing
trends noted above in the case of methyl substitution, rules out the

use of chemical shift values in a predictive capacity as indicators of
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Y : -
relative base strength,

3. The Phosphorus-ngrogen Coupling Constant and Acid Strength. The

sensitivity of the direct coupling constant, Jpy,. to changes -in the
hybrldlzatlon state of phosphorus- hydrogen bonding orbitals js draq3t1cally
111ustrated in the series PHZ’, PH3, and PH4 The corresponding JPH
values are'138 - 140 Hz, 182 - 192 Hz, and 548 H; (depending on the sol-
vent used) while thQ hybridization states are ~p2. -p3, and sp3, regpect;
rvely. Gutowsky and co-workers have suggested that the magnitude of
coupling constants between hydrogen and other directly banded nuclei

T should depend s1gn1flcantly upon the extent oF s-character of the bonding

\

oo orh%tals. ““Hence large changes in Jpy can be related to changes in the
s-character of the phosphorus-hydrogen bonding orbitals. It is reason-
able to expect that in the boron trihalide adducts of the various vhos-
phines the magnitude of Jpy can, therefore, be taken ~d5 a measure of
s-character in the orbitals around phosphorus. The change in the magni-
tude of JPH upon complexatzon of trivalent phosphorus becomes immediately
obvious on comparing the 'H n.m.r. spectrum of phenylphosphlne with that
of its 1:1 BI; adduct (Figure IIT- 1).

) An examination of Table I - 2 will reveal that within any inen
donor series, variation of the Lewis acid clearly exhibits a trend in Jpy
whlch suggests that the degree of s- character in the phosphorus -hydrogen
orbitals increases with IncreaSIng acidity of the acceptor species. Thig
is ana]ogous to observations in terms of J, oH where its value is seen
to increase as the electronegativity_of the moiety attached to carbon

“~

increases.*> The trend is also in agreement with Halsh's rule that
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s-character tends to concentrate in those orbita]s wh1ch are d1rected to
more electropos1t1ve groups.* ® Thus, for the five series investigated
here, the assumpt1on that the Fermi contact term predom1nates in the
nuclear Spln spin interaction seems to be a reasonable, one.

As a concom1tant to the increase in the s-character in the P H-
bonding orb1:a]s, one must posit an increase in the p-character of thE\\
phosphorus "1one-pa1r" orbital as it becomes 1nv01ved with an 1ncreas1ng1y
electroneqat1ve boron kernel Thus, both the chem1ca1 Shlft and the .

direct couplina constant parameters support the ordering of Lewis acidity

. [~
as: BI3 > BBTB > BCI > [BH3] > BF3 f T

4. The Phosnhorus-Hvdroqen.Cnup]inn Constant and Base Strenath, As is

evident from Table II - 2, a systematic variation of Lewis bases re]at1ve

to anv boron acid does not revea] any d1st1nct trend in coupling constant
values. Thus, while the H n.m.r. parameters may have a diagnostic vaiue
relative to est1mat1nq Lewis ac1d1ty for boron acceptors, these observables
seem to exhibit little predictive value relative to base strenqth in the

adduct series,

5. The Boron-Hydronen Counfinq Conetant The relative intensities of .

the proton resonance siqnals associated with hydrogen attached to phos-
phorus and hvdroqen attached to boron are clearly illustrated in the 'H
n.m.r. spectrum of Ehenylphosphine borane in.CD3I (Figure II - 2). Be-
cause of the low intensity, wide resonance peaks of protons attached to

boron, most JBH parametars for adducts of the type studied hete are

obtained from '8 n,m.r. spectra where the coupling constant can be

E

ot -
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measured more ‘preciselv.. The broadening of resonance peaks is attribut<

ab]e to relaxat1on ‘processes occurr1ng at the boron nucleus which tend to

R 1

the 'H nuc]eus wh1ch has no nuc]ear
—~—r ] "

- quadrupo]e ‘moment to 1nteract wlth fluctuating efectric: fleld gradIents.

,‘

averaqe out the effects of the f ur discrete boron. spin states .. “This
X

1s-not an apprec1able'problem Wit

Consequent]y the two d1st1nct sp1n states of . the proton are suff1c1ently
long- ]1ved to give sat1sfactor1]y sharp sp1n-sp1n resopance signals im .

the ''B. n.m.r. The JBH va!ues obtained from 'H n.m.r. spectra in thTS
. \
1nvestigat10n or'from other sources are recorded 1n Table IT - 3. The
il-

values may be-compared with those obtained for the. same cnmpoundS{py “B}

nam.r. by consu1t1ng Table IV <74,
o ) -

—

[

' TABLE If - 3

£

The H-n‘m r. parameters for the proton resonance on’
boron in the adducts R PH3 nBH (R = e, Ph; n=20,1, 2).

§ . .JBH - Reference

Bt -3.95 p.p.m. 135 H dqﬁ -
PH3BH, | -0.53 . 108 49
By log g - g
‘ .dezPHBH3 -D:SQ o 93 : this work
PROH Bty <0.85 - 100.5 this york —
Ph,PHBH 4 | -0.86 o 98.5 _ this work

A

The considerations énp]ied to the re]atlonshmp between s.- character

and the maqn1tude of the direct. couplrnq constant in the phosnhorus-
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hydrogen system should also be expected to apply to the boron-hydrogen

;constants. If BZHG is con51dered as the parent compound with a terminal

VHBH bond anqle of approx1mately ]210 then lt is reasonab]e to expect
that the maqnitude of JBH wil) decrease upon adduct formatwon, assumiﬁ}
that the HBH anqle now approaches 1092, The data of Table Il - 3 suqqgest

that this jg lndeed the case,

6. The H n.m,r, Parameters and Comp]ex Stabr]gtv Phosphiﬁe and its .

derivatives react with the horon Lewis acids according to the expressign:

"P3n  + BX, T op PH3 BXy

3
The temperature of the svstem sfgn1f1cantly affects the position of ~
equ111br1um relative to adduct and free reactants, If the PB bond-

making hond- hreek1nq process isvrapid on the n.m,r, time sca]e ‘the re-

base and of the adduct Slow1nqlthe\rate of exchanqe by cooling thé svstem
is reflected in correspond1ng changes in the the 'H n.m.r, parameters,

An examination of the temoerature dependent H . m.r. data for each adduct
serles (Table I1 - 4; hppendkx Section 24, Tables 2.1 through 2.5) winh
,shQQ‘that chemieal sh1ft|and coupling constant values tend to converge

to constant values as the temoerature of the system.is lowered That
temperature at which converaence occurs may be taken a5 a qualitative

index of adduct stability with respect to ‘exchanqe nrocnsses The larger
the temperature ranae over which the N.m.r. parameters rema1n constant,

the more stable the adduct re1at1ve to dissociation, n this hasis the

PH3BX3 S et s could he ordered in terms of decreasinag. stabilitv as:

PH3BBr3 > PH BC]3 > PH38F3 (Table II - 4). FEven at temperatures
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as~Towas -700C it was not possible to ohtain nuc]ear.maqnetTC resonance
s1nna]s that could be interpreted as evidence for the. formation of PH3BF3.*
51m11ar]v. the snectrum of PhPH2%F3 at «7n09C is not without ambiquitwv,
indicating that d1ssoc1at10n may be auite pronounced even at very low

temperatures for some of the adducts.

7._;The 'H n.m.r. Parameters and Vibrational Spectrosconic Nata,

Althouah Jpy, values in a aiven adduct series seem to indicate an in-
Crease in the deqree of g- -character in the P-H bond1ng orbitals with
1ncrg551nu acidity of the acceptor species. chemical shift values in-
dicate a drift of charge away from the protons, resulting perhaps in a
weaker P-H §ond. Th1s,§§ems to be indicated by the results of the
vibrational spectrnscopic investiqation of the PH3BX3 (x = C1, Br, I)
system (Chapter Y1), The pertinent vibrational and n.m,r. data is

assembled in Table II - 5,

TABLE II - 5 !

Raman and ' n.m.r, data relative to the T a
PH3BY3 (x = c1, Rr, 1) adduct series '

Vpy Asym ' v;h sym . JPH
PH3BC1 2447 cm=! 2412 em=t, 420 Hz
PH3ROr; 2428 2390 430
PH3BI4 2397 - 2362 | 436

1

*Martin and Dial reported the existence of PH BF: as A white solig at
-90°C ‘The material was allowed to dissociate in an evacuated molecular
wcxpht bulb and measurements carried out at ‘roon temperature pave
molecular welght values of approxlmately 1:1 phosphine to boron trifluoride,?®

-
4

!
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An increase in s- character w1th a concomitant bond weakening is
not necessar1ly contrad1ctory. The hvbr1d1zat1on change in the phosphorus
orbitals as suqaested by the Jpy values of the adduct series is quite
small relative to that which occurs upnn adduct format1on The addition-
al increase in g- character, and hence in orbital overlap capab111ty, may
be outwe1qhed by a more dominant oppos1ng factor, name]y the drift of
charge away from the P-H bonds toward the P-B bond. In this wav the de-~
crease in P-H stretching frequencies from PH3BC13 to'PH 3 as well as
the increased stability of the complexes with respect to d1ssoc13t1on can
be rationalized. : . ' ) ) i

It is in observing large over-ail effects tHat consiscency between
the various physical parameters iﬁxio be expected. For example, in
phosphxne and methylphosphine and their respective [BH3] adducts a con-
sistency ‘maintains among all relevant physical parameters: bond angles,
% s-character in P-H orbitals, P-H stretching frequencies, Jpys and
chemical shift (Table II - ). | -

Thus it would seem that P-H Stretching frequencies, chemical shifgs
and'coup]inq constents in phosphine borane and its various derivatives
reflect an %nter-re]ation between two opposing tendencies. Bond strength-
ening may result as a conseauence of 1ncreased overlap throuah greater

S~ part1c1pat10n in the hybrid bond1nq orb1ta1s. Bond weakening may occur-

throuah drift of charqe away from the P-H bonding orbitals,

’ ¢

Yy
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- CHAPTER Il

HALOGEN REDISTRIBUTION REACTIONS
EN PHOSPHINE BORON TRIHALIDE ADDUCTS

INTRODUCTION

Only quite recently have reports . ‘appeared in the literature per-
taining to redistribution reactions amonq adducts of boron tr1ha11des
Holecular addition compounds of mixed boron trihalides have- been pre=-
pared with . tr1methylam1ne, =3 dimethyl ether, ¥’ d1methylsu]f1de, and
phosph1nes. Phosphine haloboranes have .also been recentf} reported 1oyt
Several of these reports have appeared while this work was in pro-

5,7,8,9

gress A and the publishing of portions 'of the "work reported

here may have contributed to the deve]opment of some of these investi-
7,8
gations, - )
. Redistribution react1ons amonqg the free boron trihalides have,
on the other hand, been Tong known and a fairly extensive Ilterature

pertaining to the m1xed boron halide species has been reWWiewed in a

number of surveys.lz'lh Onlv those aspects of this material which

"dlrectly app]y to the results of the present investination will be

briefly ment1oned here, . o

. ’,.-‘ '
1. Halogen Redistribution amﬁhq Free Boron Trihalides, With the
exception of BBrZI end BBrIz, the mixed boron tr1ha11des have not been
isolated and are observed to exist only in equ1]1br1um with binary

mixtures of the corresponding simple specles. Although repeated efforts

*These were isolated by Besson in 1891, !*

-61-
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to produce the mixed species BFZI and‘BFlzi “”‘haveinot succeeded, the
triple-mixed species BFCII and BFBrI have been observed by means of !l
m.m,r. techniques.!? Y .

. - Al
The redistribution of halogen atoms among boron trihalides is  *

thought to proceed via the formation of bridqe-bonded”dimers,f“ not

unlike the dimeric system, A12616:

/N - 7
BX3 + BY < X,B BY ~  BX,Y + BYsX .
3 2 2 - 2 . 2
Ny
The failure, however, to obtain conclusive experimental evidence for the

existence‘of such dimers even at low temperatures.leaves the mechanism

- of redistribution an open question,!? Redistribution through an ifoniza-

-

tion route has also been proposed:2°
BX4 ¥ BY; T BX' 4. BY,XT I BXY o+ BY>X .
Lappert and co-workers?! have undertaken an Y18 n.m.r. iﬁvesti-
gation of the thermodynamics of halogen redistribution, the results of
which have immediate beaning on the equilibrium study whdcﬁ follows, -
The equilibria resulting f;om the éedistribution of two differentl&ub-
stituents (as in the reaction BXy + BY; : BXoY +. BXYp) mav %e

described by a set of two 1ndependent expressions:

[BX,Y] | L

7 TG v ‘ |
and,
' - BXY,]
‘ ) g [BXY; .

: - [BX31%  [BY41%



. mele percent by means of integrated peak area. The equt]ibrtum constants
for the various systems in methy]cyclohexane and in 1,7- dlchloroethane
were determined along with free enerqgies, standard entha]py and entropy
chanaes. The equilibrium constants dIffer slightly, but significantly,
from what might be~dxpected for a therma]]y neutral random distribution,
(If one employs the equilibrium expression of Lappert and assumes a
statistically random distribution for two exchang1nq substituents on

one type of central moiety, namely, 1:3:3:1,22 the ideal Keq should be
3.) Onlv one system, the BBr3/BC13 red15tr1but1on in 1,1-dichloroethane
at 259C, has a va]ue slightly qgreater than 3. It appears then that the
heats of red1str1hut1on of halogen atoms are nearly zero or sl1qhtly
endothermic.?'+2? The data also sugnest that the endothermicity in-
creases with 1ncreas1nq electroneqat1v1ty difference between the two

. halonens. This may help to explain the non-existence of BFZI and BF12

in systems of free boron trihalides, Another 1nterpretat1on of the
deviation from randomness has been given 1n terms of the extent of boron-

halogen n-bonding.’

~

2. Halogen Redistribution among Adducts of the Boron Trihalides,

Haloqen redlstr1but1on among horon tr1ha11de adducts s s1on1f1cant]y Hf
affected by the nature of the donor mo!ecu]e It has heen cbserved, for
example, that in boron tr1ha]1de-trimethv1am1ne systems, no halogen re-
distribution occurs in adduct mixtures.! For any qlven 1e3HBX3 System
redlstrlbut1on does occur only in the presence of free excess Lewis acid,

On the other hand; boron trihalide adducts of weaker Lewis bases such as
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Hezﬂ, "*’and HeZS " do redistribute halogens even in the abserce of free
acceptor species. The neceSSIty for excess boron ac1d to effect mixing
in the tr1methy]am1ne series 5uggested a mechanism of redistribution in-

volving a pre- 1onlzat10n step:’ o —
IBX3 4 BV LB, 4 BYXT 2 LBXyY + BY,X .,
This mechanism was tested by means ofla 1°B isotopic labelling experi-
ment.* While confiming that the H;B bond remained intact during”thg
hatogen redistribution, an alternative to the first-order pre-ionfzation
step was suqgested, Conceivably, redistr{bution could occur via a
halogen-bridged intermedfatg, in a second-order process. Gas phase N-B
bond breaking with subsequent halogen mixing was observed when an equi-
" moelar mixture of Me3N'°BX3 and He3N"BY3 was heated to 160° C for 3
hours in a sealed,.évacuatgd tube.* The behavior of the redistributfon
prdcess in the weaker adducts does, however, leave open-the possibility
"~ of a pre-dissociation step involvinﬁ/ghe or both adducts prior-to halo-

gen 3cramhling on boron.

The followina account of halogen redistribution amonqg the boron
tr1ha]1de adducts is divided into two maaor parts: ) -
1. The_formation of the mixed boron trihallde add‘cts of phosphine and
methyl- ke phosphlne w1th emphasis on the 1y n.mir. \arameters of the new
adducts, the temperature dependence of the spectra, and the ordering of

the mlxed boron trihalide species in terms of re]atlve Lew1s acidity

toward PH3 and i JePHz. Redistribution reactions H%tween the respective,

Jphosphine boranes and the boron trihalide adducts were also carried out

and these results are reported as well. - \

—

t
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2.7 The equ111br1um study of haloqen redlstribution .among the phosphine
boron trihalide adducts. The,resu]ts of this study are compared with

those of Lappert referred to above, . -

An the precedlnq discussion care has been taken to avoid the use
of the temm "exchange® in referring .ta haToegen redwstr1but1on.‘ In the
1nterest of c]ar1ty this term 15 reserved for the bond-mak1ng bond-.

breakInq processes occurr1nq at the P-B bonding site,

EXPERIHENTAL

1. The Formation of the Mlxed Adducts PHQAX,Y and PH}EEY?_K} Y=

£1, Br),. Equ1mo]ar quantities (ca. 9.5 mmo]e) of BX3 and’BY3 were dis-
tilled Into evacuated vesse] 0 at -196°C together with phosphine (ca
1.0 mmole). Essentially the same procedure was then followed as ready

descrlbed for the preparat1on of the cimple PH KX3 adducts,

L

2.. The Formation of the ixed Adducts énqax I and PH3BXI, (X = F, C1, Br),

The procedure employed followed that‘previously described for the pre-
paration of PH3BI3 except ‘for the on-line addition of BX3 and of an estl-

mated quantity of PH3 to react with both acids.

T

3. The Formatlon of PH “HiBC1Br1, | This adduct was prepared by Fixing PH3,

8Ci,4, BBta. and BI3 in the approximate ratio’ 3: ] 1:1,

4: ThelFormatioh‘of the Mixed Ha]oqenoborénes PH BXH2 and PH3BX,H -

{x =c1, Bf} 1). These adducts were prepared by reactlng PH,, BZHS'

and BX3 in the ratlo 4*1 2.

&



resonance,) When the system.warmed to room temperature theeadducts were

~-h6-

5. The Format10n of the Adducts CD3PH2 oY (X#Y=H1,F, 01, Br, 1),

The mixed adducts-of. the horon tr1ha11d~s with €N Pﬂz vere preppred 1n'

the Same manner as that described for the PW3 system (1 - 43, C'2C12

s used as solvent in these systems for the reasons given 1n the pre-

- ceding chapter o ' B | ' "

\ :
6. The Equilibrium Study.  Reaction vessél C was employed in the

equilibrium ﬁnvestiqation_ Each adduct has formed separate]y in differ- °
ent portionSrof'the tube. Molar quantit1es of rea tants were approxi--
mate]y double those of : the typ1ca1 preparation described above, After

the formation of one adduct, mild warminq W ¢ used to move it/ to the kR

bottom of the reaction vessel, - The secoﬁd/adduct was formed in the -

upper pdrtion of the tube by colieétlnq the appropriate BX3 and PH3 in

‘this region at h]96°C., Subsequent uaranq perfitted adduct formation
7 near'this'area Methyl 1od1de was then d1st1]]ed into the tube. (It was

. Not necessary to use CN3I since only the downf1eld PH reqnnance vas

f

studied Hence there could be- ng;anterference from the\methyl proton

mi xed by,qent]e agitation.. The system wa&;kept\at-rd@m temperature‘frOm
2 to 3 hours. | , - | -5 _
‘After equ111bration the heteroqeneous (so]1d so]ut1on) phase was
coo]ed ‘to near -70°C and the solution was passed throuqh the 1nternal
filter 1nto the side -arm n.m.r, tube : The contents were frozen and the \

Cc

Spectra were recorded at. -70°C and adduct concentratIOns were ex-

tuhe vas sealed,

“pressed in terms of ratins of 1nteqrated peak areas (mole percent)
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RESULTS AHD DISCUSSIQN

1. Halogen Redistrihution, The 1H n m.l. parameters of all phosphine

and methyl- d3 phosph1ne adducts formed through halogen mixing are dis-
Played in Table 11T = 1, Al of the addugts vere tvpified by low solu-

bility a]thouqh methvl substitution on phosphorus enhanced_the solubflity

of the CD3PH2 adducts to some extent Because it ﬁas found necessary to

,use different solvents for the two systems, as exp1a1ned in the pre-

ceding chapter, paranetnwrwere obta1ned in selected cases in hoth sol-
vents for compar1son purposes (Tab]e ITT = 1), The 'H n.m.r, parameters
of the unmixed systems are listed as obtalned under two conditions:

(1) those obtained as part of the s1ng1e-spec1es 1nvest1qat1on, and
\

(2) those observed as part of the present redistribution study, Although

little d1screpancv is to be noted between the sets of parameters for the
tribromide and tr11od1de systems, some d1fference is apperent in the tri-
chloride values, ‘and a s1qn1f1cant vari nce is .seen in tha case of Ch3-
PH,BF3. (See APPENDIX, Section BA-for the complete T1st1ng of M n.m.r,

parameters 1in al] eight mixed systems, of whach Table TIT - 1 ig a com-

" posite.) It may he that 1n the tr1f1uor1ﬂg system, donor-acceotor hond-

making bond- hreak1nq processes occur at very Tow tnmperatures The
possi 111tv of exchanqe even at -70°C is perhaps suggested bv the data
for most of the svstems as can be seen bv consulting Section 37 of the
Apoendwx. $The M., r. parameters of adducts of unmixed RX3 adducts do |
show some variation depend1nq on the svsten of which they make a part.

Interactlon of free BK3 W1th other adduct _species dresent may possibly

account for the var1at1on in the recorded parameters,
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The PHquBrXL_Iq ystem When phosphine is m1xed with approxi-

mately equimolar amounts of boron tribromide and boron triiodide the

n.m.r. spectrum shows a series of four doublets attributable tosthe four -

adducts: (a) PH BI3. (b) PH3BBrI,, (c) PH3BBr,I, and (d) PH1BBr, (TabIe
ITY - 1; Figure III - 1 ) In v1ew of the previously established para-
meters for PH3BI3 and PH3BBr3 in Chapter.II. it seems reasonable to make
the other assignments as indicated above, rather than to some extraneous
compdnent. Furtherﬁore. as the results of the subsequent equilibrium
study will show, the equilibrium constants for the red1str1but1on remain
relatively unchanged even when the initial ratios of PH3BI3 and PH3BBr3
are var;pd Since Keq values were computed on the assumption that the

interpolated peaks were attributable to PH3BBrI2 and PHBBBrzl,‘the

a551qnment_seems to be reasonably sound.

oy

The PH3/BC14/BI1a System. As discussed in the previous chapter the

temperature dependence of Hon.m,r. spectra can be a qualitative indica-
tor of relat1ve deﬂrees of adduct stabilitv with respect to exchanqp
Processes between adduct and free base. - Fiqure III.- 2 provides a nood
example of this in. terms of the single and mixed adducts of the PHy/BC14/
BI3 system. At room temperature only the peaks attr1butable to PH3BI3

and PH3BC112 can be clearly distinguished, There was little subsequent
var1at10n in the shape or position of these peaks as the system was cooled,

Thus 1t may be conc]uded that for these two adducts at least, exchange

-

*Several of the spectra of- BI3 adducts exhibit a small shouldcr on the
proton resonance peak, The presence of this feature is difficult to ex-
plain. It may be that it arises fromsan impurity generated in situ by

reaction between the PlisBl3 species ‘and the solvent

-

&
:

Fra
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724
processes of the type PH3 + -Bx3 ~ PH BX3 are m1n1mal Only as
the temperature of the System is lowered is the exchange process slowed

.suff1c1ent]y that the rema1n1ng two proton resonance peaks can be dis-

tinguished.

The PH3/BC]1/Bqu System.  An examination of Figure I1I - 2(b) |
will indicate that in this system exchange is so rapid that the low field
. series of daublets appears as one ehve]ope. As the system 1s coo]ed the
‘lnd1v1dua1 peaks progress1vely appear: those attributable to PH3BBr3 and

PH3BCIBr, at -100C; PH3ac123r 2t -30C; and PH3BC13 at -70°C,

- The PHB/BCIQ[Bqu[BIQAAystem ‘Figure'III - 3 exhibits nine sets

of doub]ets, eight of which are assignable to mixed adduct spec1es pre-
v10us]y 1dent1f1ed in terms of the H n.m.r, parameters, The new
resonanre occurring at -6 54 p.p.m. re]at1ve to TWS vith Jpy = 430 Hz

has been assigned to the tr1p1e m1xed ‘species PH3BCIBrI

. (‘_,
e,

Other Exoerlments and the CD3 Z_Aystem of Adducts. The results

]

of the prev10us 1nvest1gatlon sugqgested that halogen redistribytion

might proceed via free boron trihalide. 1In anticipation of the equ1-
librium study ‘and to test this idea further, an experiment was devised
whereby PH38I3 and PH3BBr3 vere formed in separate portions af tube E
" and then mixed in solution at -790C, The~'H n.m, r. spectrum vas then n

FEIN

run 1nmed1ate1y and .gave no ev1dence for format1on of the mixed adducts,

J
s

The tube was warmed and the system held at room temperature for about
10 m1nutes The spectrum run at -709C now exh1b1ted small resonance peaks

attr1butable to the formation of the m1xed species, After one hour.at-

4

©
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roon teiperature the “pectrum was virtually jdentical to that depicted
in Figure II1 < 1,

When hIS same experirment vas attenpted with the CD3PH2/BI3/RBr3
system severa] hours elapsed before intermediate peaks of anv 51gn1f1-
cant magnitude were‘zetected After a few days at room temperature these
exhibited considerable increase but there was also evidence of solvent

interaction Wlth free base, 2"

The results of this experiment ser1es
supports the hypothesis that halogen red1str1but1on proceeds via free
boron tr1ha11de, althouqgh other mechanisms can not be entirely ruled out,
Much the sama conclusion was Qeacﬁed on- the basis of the experimental
evidence associated with halbgen redistribution in the Hezd system,’

The results aTsonseem to indicate that methylphosphine is a stronger base
than phosphine toward-ihe boron halides, significantly reducing the
amount of free boran acid because of the tighter donor-acceptor bond.

Hence, the redfstributiqn process amonq the BX3 adducts of methy]phos-

phine is a slower one.

.In the free boron trihalide systems, the mixed BFZC], BFC]Z,_
BFofr, and BFBr, Speciés were obhserved but not Br,1 oe BFI?.’7 It was
not surprising therefore that attenpts to form the mixed adducts PH3-
BFo1 and PH3BF[2 were unsuccessful Attempts to nrepare the mixed
-comp]exes PH3BF2C1 and PH3BFC12 weredl ikewise unsuccessful This vould
seem to be pred1ctab1e inasmuch as PH3BF3 1tself does not form and con-
sequently adduct formation between PH3 and BF,C1 and BFC]2 may not be
likely. _However. peaks were Q1scerned in the mixed PH3/BF3/BBr3 systemn
which suggests that the Lewis‘acidity of the acceptor is sufficient1y -

o o ) C

Pz,
3]
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enhanced by bromine suBstitution to allow the formatign of PH3BF28r and
PH3BFBr2. . | |
With th1s in mind it seemed appropriate to study a system in

wh1ch a BF3 adduct could be formed. Hethylphosphine. apparently a
stronger base than phosphine, was used as donor saee1es. As can be\
seen from Table III - 1 the mixed adducts ¢D PHZBF C1 and CD3PH28FC12
- were 0bta1ned as heil as the single species, CD3PH28F3 This Tends
add1t1onal support for the greater bas1c1ty of methylphosphune in these
systems as contrasted with phosphine.

' Flnale, it 1s to be noted that a]though the conplexes CD3 2=
BFZI and FD3PH2BF12 were not observed in th1s system, the analoqous
adducts of trlmethylamlne have been reported Th1s is especially note- -
worthy in that fAuorine and iodine are 1ncompat1ble in the free boron.
trihalide system. It also test1f1es to the exceptwona] strength of the
donor-acceptor bond in the tr1nethy1am1ne adducts and-suggests that in
this system haTogen red1str1but1on may Tndeed proceed by a rad1ca1]y
d1fferent mechanism than it daes in systems of weaker BX3 adducts,

~ Jﬁ.

L

The M n.m.r. Parameteré and Lewisg Acidity. The spectrum of

the PH3/88r3/BI3 system (F1gure ITI -« 1) neatly 1]lustrates the successive

/
shifts to low fleld and the 1ncrease in coup]1ng constant magnitude

(Table 111 - 1) as the halogen changes from brom1ne throuagh iodine,
These tren.ls are 1n fact remarkab]y consistent for all of the adducts,
There is a s1m1Iar set of trends in the more extensive series 5tart1nn
o at CD3PH nrv (6 4.50 p.p. Py JPH = 378 Hz) through CD- PH2813 (& =

6.22 p.p.m., JPH = 434 Hz). As observed in. the preced1nq chapter, an

S
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K

increase in the Lewis acidity of the boron halide results in a deshield-

ing of the oroton on phosphorus. S0 that the order of decreasing Lewis

ac1d1ty. relative to these bases, is: BI3 > BBrI2 > BC112 > BBr I >

BCTBrI > BCTZI > BBry > BC1Br, > BC]ZBr > BC]3 5 BFBr2 > BFC12 > BFZBr :f-
BF2CI > BF5. This corresponds to the order with respect to amines,?!»25
Although the change in JPH from one adduct to the next is Small. the
trend toward Iarger values of the coupling constant with increasing acid-
ity of the acceptor is apparent, The previous]y proposed relationship ‘

between increased s-character in the P-H bonding orbita]s and increased

acidity of the acceptor is maintained,

!
2. The Haloborane Adducts, (CD3!n 3-nBHX,_and (CD 3 (n=0,
1; X =Cl, Br, I}, A series of redistribution reactions between various

BX3 adducts and the correspond1ng phosphine or methy]-d3 phosph1ne bor
ane were carried out in a manner similar to that’ descr1bed for the halo-
gen redistribution exper1ment§; The M n.m.r. parameters of the resylt-
ing adducts are given in Table IIT - 2, The Spectrum‘of the PH3/BZH6/
BBrq system is d1sp1ayed in Figure III -4,

The chemical shifts of the PH, series decrease in the order BHI2

BHBr2 > BH,I > BHC12 > BH,Br > BH,C1 > [BH3] In the methylphosph1ne

-~ series, the adducts of BH;I and BHBr2 are observed to interchange ‘order,

For both series, however. a regu]ar progression in coupling constant

N
va]ues 15 observed BHX, 3 BH X > [BH3]. and within any specific x-

series the order decreases “from I through C1, - The genera] trend to be
noted in both chemical shift and coupling constant parameters is parallel

to that observed in .the foregoing investigation and fn Chapter II, namely,

-

o
o
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that as the acceptor spec1es increases ¥n ac1d1ty more s-character con-
centrates in the P-H bondrng orbitals and a greater desh1e1d1ng of pro-
tons on the donor occurs.  The maqn1tude of the indirect coup11ng cdnstant,‘

JHH" decreases as the number of hydroqens on boron decreases. The nature

T

“of the halogeti substltuent does not seem to have any noticeable effect

on this parameter but the over-all change is so small that it is diffi-

cult to say-for sure. Althouqh JHi‘ was resolvable for the phosph1ne
- .
adducts of BHX2 this was not the case for the analogous methyiphosphine

compounds,

'-x

Attempts to prepare m1xed BHF2 and’ BHZF adducts wwth CD3PH2 pro-

duced amblguous results. The 'H n.m.r. spectrum cons1sted of a set of

‘coalesc1ng peaks which rema1ned unreso]ved even at very low temperatures

(-90°C in CHZCIZ) and large scale expanSIOns

B}

-

‘ It is worthy of note that when CD3PH2 adducts were formed in
separate port]ons of the react1on tube and subsequently 1nterm1ngled in -
the presence of solvent, mixed adducts were observed for the {BH3]/BC]3
and [BH3]/BBr3 systems but not for the [8H3]/813 system Only after
several days at rogm temperature were any 1ntermed1ate peaks di cern-
able 1n the latter case, Direct boron ~hydrogen coupl1hg. SEH" was not
observed in the spectra of any of the adducts .

7o a55ume that the phosphine ha]oboranes form bv way of. the same .
redlstrlbutlon mechantsm(s) as do the mlxed adducts of the BX3/8Y3 series
may be soweuhat riskv. For this reason the system has been treated
separately in this account,’ Furthermorerxthe series js not 1he]uded
in the following equilibridm.study_because‘a pret1m1nary rnvestigation“

-~ 43
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gave no consistent values for the equi]ibriun‘“constants of the red1s-

N\
_tribution process, In addition » anly for redistribution’ react1ons

1nvolv1ng simple boron trihalides were comparab]e data ava1]able for

—

reference purposes, . ~

i
L

3. The Equilibrium Study of Haloaen Redistribution. The equilibrium

constants for the'redisﬁribution'of two different substituents en the
same central mo1ety of each adduct are given, after the manner of

Lappert et al., in terms of the two 1ndependent expressions;®?

’ [PH3BX,Y]
* | I ve 2 - .
| S {PH33x3]6&.[pH3BY3]V; :
'and,_c:al - , ..
. | [P BXY,,] v :
. KZ = -

[PH38x3]V3 [PH4BY;]7:
"1n each of the three ser1es PH3BC13/PH3BI3, PH3BBr3/PH3BIB. and PH3BCI3/
PH3BBr3, eleven d1fferent rat1os ‘of startIng amounts of adduct were
used. After. equ1]1brat1on the n.m.r. spectrum of the,low field peaks
. Was recorded and the peak areas were lntegrated Theuequ1]1br1um con-
stants Ky and K> were calculated assuming that the mo]a bertent of each
N componént‘in the mixturennas proportional- to theiarqa under each respec-
tive peag.. An example of. the low field infeqrated spectrum from each of
the fhree series is given in Figure I1I-"5. The data for al]‘of tha'
runs are presented in Section 38 of the Appendix, Tables 38.; 1 through '
B - 3, | In a few cases, the extent‘of équilibration was tested by
'““"_*37FEB;atinq the spectrum after one day; The relative cons1stency between

spectra gave reasonab]e assurance that the systems were at equilibrium

AY
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when tnitiaily'studied: g

ToLA summarization of the data is g{venrbelow in Table IIT - 3.
AverageJi]_and,K2 values are-given for each system and compared with
the correspdnding values from the free boron trihalide system. The |

errors quoted are equal to twice the standard deviation of the'mean,

AL

1.
X - X : £ L
o= 2 - )_, para]]eling the free boron. trihalide investiqation.

b}

-

' The low concentrations of the various components reduced the accuracy
of- the 1nteqrat1on and may be a. reason for the larger margin of error.
Nevertheless, in-all 1nstances the equ111brium vatues for the adduct re-
dlstribut1on reactions are not very dlfferent from those dbta1ned in the ‘
original stud}. The PH3BC]3/PH3BBr3”system exhibits the greatest extent
of departure while the values of the PH3BBr3/PH3BI3 system are very
c]ose to those of the "free" system, ]

| * The thermodynamic parametér;JLf the the boronftrjﬁa]ide redistri-
bution indicate that the reactions are c1ese to thermal neutrality or
;sliqhtly enddthermic. The similarity of equilibrium constants for the
.correépondjdg adduct Systems suggests that this condition obtains in
their case a; well. A study of the variation of Ky and K2 with tempera-
ture would have afforded the opportunity to.make quantitative assegs-

ments of the entha]pies of redistribution, but the coalescence of peaks

at lower,temperatures prevented this procedure. Instead a somewhat

K

speculative evaluation, based on the similarities between the two systems

hust suffice.

L

Hartman gt.gl..’ have carried out a similar study on the dimethyl

‘ether adducts of the boron trihalides. Using the equilibrium expressions:
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TABLE 1II - 3
Edui]ibrium constants for hafbgeﬁ-redfstributienS'(1) and‘XZ)
for the phosphine boron trihalide adducts .and the free boron
trihalides with thermodynamic paramﬁgers for the later system
" BC14/BI, | BBr3/B1; BC1,/BBry
Ky adduct 0.47 + 0.19 1.85 + 0,28 ~2.49 £ 0.41
K, addoct 0.18 + D.11 1.94 + 0.34 2.71 + 0.55
Ky free 0.94 + 0.07 - 1.99 = 0,08 £3.84 £ 0.1
K, free * ©.0.80°¢ 0.03 1.73 + 0,12 3.32 + 0.1
AR, free +0.04 keal -0.a2  keal -0.82° keal
86% free +0.14 -0.33 ~0.73
AHOI free +0.30
aH%, firee i +0.35
0 cal
4S°, free . +2.64 mole-deg
AS°2 free v +2.,92
5 " {Me,08X,Y] [Me208Y3]
- [Me,0BXY,]2
\

and '

Ky o

[Me,0BX3]  [Me,0BXY,]

[Mep08X,Y3?

-

it was found that the redistribution of halogens is much closer to the

ideal random case (K = 0.33) in the Mep0 adducts than in the free tri-

halides.

b
It is conjectured that this may result because tetrahedral
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BX3 will be unhempeeed by the n-back bond1ng present in th’,planar
species. Since the equ1]1br1um data of the phosph1ne adduct system
are similar to those,of the free -system, one might speculate that an’
important mechan1sm of red1str1but1on among the phosphine adducts in-

1S

~ volves interaction: between pairs of free boron tr1ha]1des

-

Fol

o
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CHAPTER 1V " *
THE ''8 NUCLEAR MAGNETIC RESONANCE INVESTIGATION

INTRODUCTION

'R chemical shifts have been consiaered to refiect thQ electron
density'or shielding at the boron nuc{eus."2 In accord with thfs is the
observation that when triplf bonded boron forms 1:1 adducts with Lewis
bases an upfield shift in the ''B resonance occurs (See 88y values,
Tables IV - 1, -2, =3). The increased shielding of the boron nucleus
upon adduct formation is consistent witﬁ an increase in electron density
at boron\arov1ded by the donor species. It would seem t6 be a reason-
able expectat1gg_xﬁat the order of !B chemical sh1fts for a series of
1:1 mo]ecu]ar add1t1on compounds of fixed boron acceptor.may be a useful

. indicator of relative donor Strength toward that acceptor species, A
variety of donor-BX3 investigations have been uﬁdertaken in which donor n
strengths were evaluated on this bésis. Both 5“8 and AG::B (G,IBadduct -
61:BBX3) were employed as indicators of relative baswc1t1es of pvr1d1ne,
triethytamine and benzophenone toward the boron trwhalides. Hhile
verifying that the order of acid strenqth was constant reaardless of the

r

_ donor used apd in accord with expectation: §I3 > BBr3 > BCI3 > BF3;. -

”\Efdérs of donor Strenqth varied as a function of the acid. 1In the BF3
gystem, 118 resonance shifts ihdicated‘a decreasé in shielding, and
hence in donor strength as Py > Et3N > Ph2C0 In contrast, toward BBr3

the order was PhoCO > Py > Et3N Assuming no difference in hybridization

of the donor species in correspondinq adducts, the variation in orders

of donor strength was attributed to the extent of face-to-face steric

-87-
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hindrance (F-strain)“- encountered between donor and acceptor. In a
paraliel stady of ethyl acetate and some of itg RCOZEt2 derivatives,s
g chem1cal shifts were again observed to vary as a functlon of the
. accepton species, The ' F-straun" hvpothes1s was further tested with
a series of boron trihalide adducts of alkyl-substituted pyridines, ¢~
In this case the orders of basicity were observed to be the same toward
each acid, More sJ}pris1ng. however, vas that the order of re]ative
bas}city as interpreted from ''g resonance shifts was found- ‘to be - ~
2-ethylpyr1d1ne > 4- ethylnyr1d1ne, which is Just opposite tp expectatlon 5
on the basis of Festrain predictions,

Clearly, '!'B:chemical shifts are not sensitive 1nd1cators of .
donor strength, Add1tional ev:eence for this 1s to be seen in the ex- .
per1menta] resu]ts of the 1nvest1qat1on which follows (Table 1V - 7).
In a theoret1ca1 treatment of chemical shifts,” nuclear shielding was
discussed as the sum of three contributions: g = Ud + % * T,
The diamaanetic tenw. d depends upen the electron distribution in the
ground state of the molecule. The paramannetic term. Gp’ derives from
the mixing of grounq and 1nw-lyinq excited states under the 1nf1uence
ef the imposed magnetic_field. Th1s term can have a domlnant nfluence
'on shift 1f there is an asymmetric distribution of p\e]ectrons around
the nucleus.” The. term 9, is the contribution from other atoms or aroups
in the molecule. In a theoretical calculation of "B chemical sh1fts in
'the boron trihalides,® the paramagnetic term has been shown to be. of

dominant influénce, . X
3 ’ . a'

*Considorations similar to this have also been used in discussing 3'p’
chemical shifts,®

N
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ATthouqh a s1mple relationship between dondr strength and “B
shift datg is not to be expected, it is st111 useful (1n view of the
fo]]owinq account) to tabulate the tig chem1ca] Shifts for a number of

adducts of simple donors with boron acids,
%

1. Nitrogen and Phosphorus Donors. The chemica] shiff of [BH3] has

been computed as =57 p.p.m. relative to boron trifluoride etherate, Et20-
LY

BF3.'° An examination of the A&llB values (6"8 adduct - 6,, [BH31)

for the adduct ser1es He HH3 -n 3 (Table IV - 1) will reveal a large up-

field trend upon adduct formation. Neverthe]ess, it is to be noted that

the actual “B resonance shifts .follow an order opposite to the general]y

accepted trend of donor basicity (see Chapter 1 . 14). It may be

noted in passing that JBH va]ues vary from 9N to 98 Hz and do follow the
established order of gas phase basicity.

Tr1methylam1ne12 and tr’metrylphoéphiné‘""’ have been employed
as reference basei/;n adduct formation with BXy acids. It should be
noted that in Table IV - 2, except for the [BH3] adducts, the a511; valuos _
foTlow the order™of Lewis ac1d1ty..
Hithout attemptlng to m1n1m1ze the daoger of iﬁterpreting chemical
shift va]ues on a s1mp1e basis or in terms of any one 51nq1e factor, it .
1; lntrigu1nq to compare corresponding conqener adduct values. When
5"3 of a n1troqen adduct is compared to that of the correspondong phos=
phorus adduct the shift s to higher field for the latter, implying that
there is a greater drift of charge toward boron. When BF3 is used as a
reference aczd relat1ve positions of chemical shift are reversed,

4
suggesting a Tessened transfer of charge by the phosphine donor as
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The '!B chemical shiftg1t
ext Etp08F3 for the [BH3]

TABLE IV - 1

I

(

in.p.p.m. relative to
ad ucts of MenNH3‘n.

5*?5\\\}2>

;-

Aé! IB
T‘leHzNBH3 +20.5 78
HeZHNBH3 +14,2° n
Me ;MBH + 8.1 65
JTABLE IV - 2

The '8 chemical shifts!1=13 r.p.m. relative to ext Et 0BF 4
for the BXy adducts (x = H, F, C1, Br, 1) of MeqN and Me3s

) ¢ 11 B A8 1 IB
MeiBH, + 8.1 65 -
HE3NBF3 + 0.3 1
Me3NBC1 -10.2 36
Me3NBBr3 + 1 42
HegMBI 5 +54,1 a7
Me3PBH3 +39.1 96
Me3PBF - 0.1 10
MePBCT 4 - 2.1 s 44
Me3PBBry +15.4

54
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A

compared to the amine donor,!? - R

2. Oxyaen and'Su1fuf Donors.  The !B chemjcal shift values for the
analogous “dimethylether!* an& dimefhylﬁu]fidé‘5 agaucts with:borénftri-
habides, are displayed in Table IV - 3. It is evident that the same.
type of behavior noted above for the Group V 3bnor§ also obtaiﬁs for

these two series of Group VI bases, "\\

oy

TABLE 1y - 3

The ''B chemical shifts!“*!5 j p.p.m. relative to ext Eto0BF3
_for the BXy adducts (X = H, F,[C1, Br, I} of Me,0 and Me,S.

v ]
A

\\\ . S11p ‘ - 88114

; . .

Me,BH, ! -1.6 - 59
Me,0BF; +0.7 , 12 )

Me,0BC1, . =107 36 .
Me,NBBry +a.2 " | 43
’ 13 f . -
1e,SBH4 - #21.0 69
MesSBFy - 2.2 8
Me,SBCly - 6.2 41

N Me,SBBry - 42 | | S8
MeoSBI, T +69.6 . 65

The utility of G‘IB or 65118 as an indicator of adduct stability
has not received notable attention in prevfaus 1nvestigations. But in

the discussion of the results of this investigation some attention will

d
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attached to horon is recorded.. On the othet hand. ‘neither. 1H nor 1p
°

nuclei possess nuclear quadrupo]e moments. As a result the t1p spectra
5 .

of compounds 1in wh1ch both or either nucleus 1s attached to boron afford

L]

the c]earest and most&prec1se determ1nat1on of- Jp pg and J s

lty and bas1c1ty. The number of 1nvest1gat1ons has. necesﬁéri]} been

.11m1ted by the requ1rement of a phosphorus donor but twn recent studies

have yielded some 1nterest1nq results. In one,gnvesthatmn1 b an
empirical correlat10n ¥was estahiished between the magn:tude of J PR and
the strenqgth of the dat1veabond 1n ‘the [BH3] adducts of a series of

smooth]y varylnn phosph1ne ]1qands such as F. PH He PH N {MezN) -

3-n
3 e and FZXP (X = F, c1, Br) The qenera] appllcabTTltv of the studv

3ls
In the second 1nves%1qat1on" the magnitude of JPB is correlated

is, however, 11m1ted by the use of a s1ng]e reference acid, [BH

with the base strength of some 15 ohosph1ne l1gands. The data for two

‘ series of phosphinesiwas obtained from the previous 11terature te=20

. Base disp]acement reactlons were used in se]ected cdses to test. the

validity of the JPB correlation, Aqain, the study was 11m1ted by‘the
use of only one acceptor species, namely, [BH3]

N The use of borizeas the acceptor spee)es did; however.'permit
- q ' : '. . . N

~ .

/q.‘l:’
-
—/

LY
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the determination of a series of:borOn-hydrogen couplinq Gonstants., The

magnitude of JBH for a series of phosphine adducts was observed to in-
crease in a manner roughly parallel to the increasing "r-acceptor
ab111ty of the. donors as prev1ous]y determwned on the bas1s of CO

stretching frequencies. The values of JBH ranged from 97.4 to 107 Hz.,

It was pointed out thatfthe apparent correlation of. these two parameters

may . poss1b]y be only accidental and more data would be necessary before

any diagnostic value could be attached to the magnitude of JBH‘

. .

1. The Formation. of the S1ng]e Adducts RnPH3_ BXq_LB =HMe, Ph; n=0, 1,

2; X = H F, C1, Br I). Al procedures were carried out as described 1
_ ‘ i N
previously in Chapter II. A sma]l caplllary conta1n1ng external stand-

‘ard Et208F3 was 1nserted 1nto the react1on vessels prior to use.

2. The Formatlon of the Mixed Adducts HenPH3_nBX?Y and HenPH3;n§x19

(n=0,1; XY= Cl, Br, I}. " The mixed adducts.were prepared-Ly the
addition of the requisite donor to a pre- equilibrated m1xture of two

e boron trihalides. fol]ow1ng the procedures out11ned in Chapter III,

- The Formation of. the Separate Adducts PHaBHzx (X.= Br, I). Equal

quantities (ca. 4'mmole) of PH3 and BoHsX were distilled into reaction

-

- vessel C-at -1969C. Reactants were maintained at -23°C for four hours,

Diborane was formed aqcorcfmg to the equation: i

o

PH3, - BoHeX - PH3BH2X + 1582}{6 —

,end was monitored at -789C before being puhped away. The adducte formed

AL

were rather viscous liquids. Sd]vent was added the . contents were)

rm ]'
A . : '—‘
S '

u‘

¢

~

v
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‘BHoX adducts. After~a nearly stoichiometric q

procedures’ were followed as outlined above,

-94-

~were internally transferied to the side-arm n.m.r, tubgﬁgﬁnta1n1ng a

Et208F3 reference'capfliary. The contents were frozen and the tube was.

sealed,
,

.

4. The Formatfon-of the Separate Adducts PH:BHX, {X = Br, 1). The same

procedure was followed as outlined above for tZe preparat1on of the PH3- .

antity of d1borane had
been monitored and pumped away, an appropriate quantity of HX was dis-
tilled into the vessel at -1969C. The reactants were maintained at -230¢C
fér 12 ‘hours. Hydrogen was formed according to the equation:

" and was monitored\perlodrcal1y during the course of the react1on before
g

being pumped aviay at -1°6°C The adducts wenk white sotids, relatively

soluble in CH3I ‘When the reaction had yeached completfnn. the same.
- . v

* “

5. The Formation of the Separate Adduéts PH3B 2C1 and PH3BHC12 The-

instability of §2H5C12‘ as 5 starting material required that some other -
means be used.to_prepare the monochloro- and dichloroborane adducts.

In a typical ekperiment. ca. 4 ‘mmole of?PH3BHs was formed.in reaction :
vessel. C in the usual fashion. An"equal quantity of HCY was then ad-
mipted to the tube if,the.monoch]orinated Spec1es was desired, Tw1ce .
that amount was taken to prepare the dichloroborane adduct., The react-

ants were maintained at -23°C for 3 to 4 hours. Reaction progress was

__monitored in terms of the quantity of hydrogen produced. D1sprouortion-

ation was not avoided entire]y. but this method d1d -yield adducts

sufficiently pure for valid spectral analysis

. .
N
: -
¥ - N
. e —
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RESULTS AND DISCUSSION

1. The !B Chemical Shifts. * The chemical shift va]ue}"for alt of the

unmixed BX4*adducts as well as for the free boron acids??-are given in
TabTe IV < 4, As: expected, the 1ncreased shielding of the boron atom
upon adduct formation is :Lflected in the upfield trend of the coupling
" constants of the adducts relative to those of the free BX3 species,
w1th1n any given boron halide series this change is relatlvely constan+
and, .interpreting. this in terms of the o-bonding model,?®*13 it supports
the assumption that the boron acceptor does indeed present a nearly
iconstant positive fTeId‘?o the various Lewis bases., The variou; mean

| L §11p adduct - 6115 BYg

shift differences. 56118 =, » ‘for each boron
n .

. trihalide series are dtsp]ayed in Table IV - 5, Kiéomparrson of these
values with those found in Table IV - 2 and IV - 3 reveals that AG,,B
only sensitive to gross changes in thé donor species, (The d1fferences
in Aéx:B are generally more pronounced between Second and Th}rd Row con-
geners than between donors having Group V and Group VI atoms of the same
row.) These results highlight the observation that the '8 chemical
shift is not a sensitive indicator of donor strength i
| It should be noted from thé table that the mean chemlcal shift
d1fference does increase in a.manner parallel to the accepted order of
Lewis acidity: BIg > BBry > BCl3 > BF3. As observed in a prev1ous
study,?3the chemical shift d1fference between the adducts and the p]anar
compounds exhibits a qualitatively inverse relation to the extent of

back-coordination in the planar species,

- . =9
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TABLE IV - 5

The 1B mean shift differences in P.p.Mm. of each Eoron trihalide
adduct with the donor series R PHy . (R = Me, Ph; n =0, 1, 2).

ot
-2

Boraon Triha]ide ' 561:8
BF 4 +8
BCT3 . +44
BBr3 a o +57
BI3 ’ +74

The stabilities of the varioys adducts with respect to dissociation,
as estimated on the basis of the M N.m.r. temperature dependent study
(Table 11 - 4; APPENDIX, Tables 2A - 1 through 2A - 5), also parallels
this order. It is however in this respect‘that the atypical behavior of
[BHé] toward Lewis bases is apparent, The average A6, compﬁted on the
basis of =57 p.p.m.'? for the free actd, s 98 p.p.m. This difference °
is significantly larger than any found for the boron trihalides. Yet,
with the exception of PH3BF3,2“ the disﬁociation pressure of phospﬁine
borane {20 cm at 09C)25 s greater than that of PH3BC13 (0.85 cm at 0Oc)2 ¢

and PH3BBry (< 1 mm at 259C)2 € apg certainly greater than that of Pﬁ3BI3.
‘If the value of -17,5 p.p.m.'(ﬁxxg- BZHG)27 1s;£aken as a hasis for cal-
culating the mean shift difference the discrepancy is reduced but not
removed. Thus, even as an indicator of adduct stability, change in
chemical shift must be viewed as somewhat speculative. o

Finally, as péinfed out in the introduction to this chapter, the

chemical shift parameters themselves are not sensitive indicators of base
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Sstrength, The small and erratic changes in 6"8 w1thfn any fixed 8%3

series exemplify this paint. The chemical shift valyes of the mixed
" haloborane adducts of PH3 and Et3P (Table 1V - 8) further accentuate
this observation. A comparison of the corresponainq compounds in thes
PH3 and Et3P adduct series shows nearly identical 6’18 values, yet the

two bases in question are certainly different in strength

+
.

2. The Phosphorus-Boron Coubling Constant. The previously cited

correlations of JPB with donor basicity in [BH3] addycts! %!7 gave some
pr0m1se that this parameter might, w1th1n ]1m1ts. be a useful indicator
of Lewis acid or base strength, Hhile an exceptiqn”§g the qua]itativg
_ corﬁéspbndegie between JPB and phosphine basicity has';ecently been
noted*' the !B coupting constant data obtained in this investigation
(Table IV - 4) are in general agreement with this correlation in that
increased basicity is more marked for methyl- than for phenyl -substity-
tion. However, when relatively sma?l changes are involved, the absolute
order of base strenqth as evaluated in terms of 1ncreas1nq 3 pg varies
somewhat when measured against different reference ac1ds. For example,
in the BI3 adducts, tpe magnitude of JPB would lead to the ordering'of
basicity as: Me,PH > HePH2-> PhoPH > PH3 > PhPHZ, whereas in the‘BBr3
adduct system the order would be: MeZPH > MePH2 > Ph PH > PhPH2 > PH3'*
The BC1, adduct series gives yet another set of re]at1ve basicities.

On the other hand, when the Jpg values of the adducts of each
respectivé reference base are examined relative to the BX3 series (X =
C1, Br, I} a uniform order of change is observed, Unlike JPH' the J

P8
values decrease with 1ncreasing Lewis acidity (Table IV - 4). The major
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contributions to the phbsphorusihoron coupling constant are not clear,
it is general]i'recognized, for instance, that vhen phosphine forms an
adduct the orbital involved in bond formation must decrease in s-charac-
ter since the other orbitals are observed to increase in s-character (as
assumed on the basislﬁf increasing Jpy: see Tables II - 2 and Il - 6).
For the acceptor species the situation is reversed upon adduct formation,
As Bx3 moves from an spz. nlanar configuration to a near-tetrahedral, sb3
configuration the bondiﬁg orbital must undergo ar increase in s-character,
Thus even if the Fermi contact term is an importanf contributor to JPB,“
the opposing trends limit the predictfve utility of the coupling constant,
‘ Some insight into the significance of JPB can be obtained if one
considers two hypothetical extremes at which Jpg = 0: (a) no covalent
interaction, R3P:. BX3; and (b) total electrqn transfer, R3P2+. :BX32'.
Between these@éxtremes dative bondrformation (R3P5+:BX36') leads to
significant values of JPB as a resu]f of ﬁutual.sharing of electrons.
Because of theopposing trends affecfinq the value of JPB it is quite
unlikely that perfect correspondence will be found between maximum _n
contribution to Jpg and maximum bond strength, Fiqure IV - ) quali-
tatively illustrates the "asymmetric" correépondence between JPB and
electron sharing as enviSioned here, It would seem from the data of
this investigation, that maximum coupling constant values are attained
before maximum electron shariné. As a consequence, for the strong i
adducts in the serjes RnPH3.nBX3 (R = H, Me, Ph; n = 0, 1, 2; X =.C1.
Br, I}, JPB decreases with inc}easing Lewis acidity (and increasing

trend toward maximum electron sharing)., This decrease is paralleled

by an increase in the magnitude of JPH (Table I1I - 2). Such_would be

!
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FIGURE 1Iv -1

The hypothetical coFrespondence between the magnitude
of Jpg and the sharing of the dative bond electrons.
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clectron sharing

expected since the_BX3 species best able to effectively‘generate a

Positive field at boron®s!® (namely, BI3) is the one most able to

facilitate

the rehybridization of‘the‘pﬂosphine donor, and hence, bring

about the largest increase in s-character in the P-H bond.

Tha “weaker* "PH3

BH3 adducts might be logically placed on the

left-hand portion of the hypothetical curve where neither maximym JPB

nor maximum donor-acceptor‘electron sharing have yet been attained,

N



“d

<

<101-

Thus the weaker P-B bond is reflected in the lower Jpg and the lower Jpy
values as observed in the [BH3] adducts (Tables 1V - 4 and IT - 2),
respectlvely '

In only two cases was it possible to obtain Jpg values for BF3
adducts, Assuming that BF3 behaves as a BX3 m01ety rather than as [BH3].
the larger Jpg value of Me3PBF3 relative to Me3PBC1; 'is consistent with
a weaker bond. The large decrease in maqnltude of Jpp in MegPHBF3 is
untikely to be related solely to a decrease 1n P-B bond strength.

Indeed. 8 comparison of its Jpy value with that of MeaPHBCY 3 would
support this supposition (JPH' MeZPHBF3-= ‘384 HZ3 Jpy, MeZPHBCI3

420 Hz). It is more probable that a kinetic factoﬁ is dom1nat1ng the
process, that is, the apparent decrease in or ]oss of the coup11ng con- -
stant nay be due to rap1d exchange in the genera) process: '

' ReP+ BXy 3 R3PBXg .

'As-a parallel to the 'H n.m.r, 1nvest1gat1on ghe mixed adduct
series Me PH;_ nBX5Y and Me nPH3.nBXY5 {n = 0, 1; X # Y = CT, Br, 1) were
prepared and the '!p- n.m.r. spectra were recorded, Chemica] shift values
of the uncomplexed mixed acids?® are listed in Tab]e IV - 6, while chemi-
ca] shifts and coupling constants for the*PH3 and rePHz adducts of the
mixed acids are d1sp1ayed in Table IV -'7 As with the H n.m. r.
parameters (APPENDIX Section 3A) some variation ip chem1cal shift and
coup]ing constant values is noted for the unmixed ha11de components in
the various combinations. This corresponds to a similar observation in
the 'H n.m.r. spectra. The methylphosphine series does however give
good evidence that 1ncrea51ng acidity of the acceptor species is reflect-

ed in decreasing magnltude of Jpg. On this basis, the relative acid
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TABLE 1V - 6
The ''B chemical shifts " in p.p.m. relative to external Et OBF3
for“the various mixed boron trihalides, BXa2Y (X # Y = ¢1, 1)2?
'Boron Trihalide § 6115
BC1, | ~46,5
BCIBr, -42.7
BBY5 . =39.2
: BCTZI _ -36.3
BC]IZ -18.3
BC1Br . -32.1
BBr,I o -27.0
BBrl, . -1.8
813 ’ + 6.9

stfenqths'may be given as: 813 > BBr12 > BEII > BCl I > BBr21 > BBr3 >
BC125r > BBr2C1 > BC13.' Aside from a few variationsg probably due to
the relatively high temperature at which the spectra were recorded this
order is much the same as would be obtained. on the basis of 1ncreas1ng
magnrtude of Jo, (Table Iv - 7), ‘

- The spectrum of the MePHz/BBr3/BI system ;Ecorded at ~209C in
CH3I fs reproduced in Figure 1V - 2, A might be expected the relative
peak 1nten51ties are somewhat similar to those in the 'H n.m.r, specfrum

~

of the PH3/BBr3/BI3 system (Figure 11l - 1, p. 70).
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The erratic values observed in the PH3 sy;tem are probably
attributable, once again, to kinetic processes dominating in a system
of significantly weaker adducts. The PH3BCT14 system especially affords
a dramatic example of this phenomenon. That the adduct is undoubted]y
present is’ attested to by various parameters: dissociation pressure at
0° c, 2¢ J PH coup11ng constant relative to that of free phdsphine |
(182 Hz),?° and chem1cal'sh1ft data. “In addition to the rapid making
and break1ng of the P-B dat1ve bond, which would be expected to affect
both JPB and JPH- perhaps there is another process 1nvolv1ng halogen

exchange at boron which has a major effect only on JpB.

The fries of mixed hydmde-hahde adducts, PHBH,X and PH3BHx2,
provides a group of compounds which reflect the converqence of rapid
exchange processes and re]at1ve]y weak donor-acceptor bonds, Each halo-‘,
borane adduct was prepared separately ‘and its spectrunﬂwas recorded.

The '8 n.m.r. parameters are given in Table IV - g8 todether.ﬁf;h those
of the/analogous tr1ethy]phosph1ne System, 1nc]uded for compar1son

purposes. A totally mixed system, PH3/BCI3/§2H5. was’ also prepared and
.the spectrum is reproduggd in Figure IV - 3. The absence of Jpg in both

. PH3BC13 and PH3BHCT, but not in PH3BH,CT or PH3BH, is to be noted (Table
IV - 8; Figure IV - 3).

It would seem then, in the light of the foregoing discussion, that
vhile Jpg is of some utility as an 1ndicator of relative acid strength,

Jpy is probably more reliable, o "
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TASLE IV - g -

The observed !!g f.m.r. parameters (s ip. p P.m. £ 7 p,p. m. relative
to ext Et OBF3,q and Jp, in Hz + 5 Hz) and JpH (Table 1171 - 2)

. for the agducts P 3BH2x ang PH3BHX> 4% .= » 15 Br, 1) obtained at
-20°C in CH3 and for the corresgupdlng Et3P series, 31,32

COMPOUND S11g J

PB gy v Ipi
a ' o
pH3qg$ +42.6 24.0 -103.4 377
PH3BH,C1 +19.2 a1 | 130 395
PH3RH.Br ¥6.5 0 55y 396
PH4BH,,I ¥39.1 60 - 130 400
. . ‘: .
EtsPBH; g 64 9%
Et3PBH,C1 .20 8 15
Et3PBH,Br +25 94 m
Et3PBHCI, te 131 B 131
Et3PBHBr, +16 <128 - >128
! . - -, ey
a) Ref. 33 ‘
b

3. The ! -oron—Hvdroqﬂn Counlinn rnnqtant The absolute values of the

" direct coupling constant, JBH have been related to the n-acceptor

strenqth of the uncomplexed phosnhlnes. No such trend is observed in
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the adducts than in free diborane (Jgy[terninal] = 135 Hz) % This
. Supports the general concept that in its adducts [BHé] at least abproaches
a tetrahedra] configuration and hence has less s-character 1n the boron- N
hvdrogen bonding orbitals thaq“jn BoHg (HBH .angle = 12]0) 35 .

In thgﬁzeries PH3 3-n X and Et PBH3 X (x = c1, Br, I; n= I 2)
‘an increase 1n JBH accompanies ha]ogen substltut1on (contrast the Jgy
'spin-sp1n splltting in the spectra of PhPH,BH. and PH3BH I, Figure IV -
4). In some cases the value of gy, exceeds that of, the terminal protons
in BoHg. The 1ncrease 1;\¥éf;:£§e1y constant regardless of the nature
of the halogen (Table IV - 8). This same trend is observed in the'J,,G
value of the isoelectronic systernis S%H3CH3’ ¢ and S1H3CH2x3’ and in Table

IV - 9 the respective coupling constant values are tabulated.

TABLE IV - b .

-The coupling constants J:: [ and J for the isoelectronic
systems MepSiHy_, (n = CS and S?H3CH2X (x =c1, Br, 1).

&

conpoutD g Iein

MeSiH, 122.0 190

MeSiHy S22 194.2

SH3CH,C1 . 146.8 207.6,
SiH.CHBr - 150.0 207.6
+ 372 . N

SiHyCHpl - " 149.0 \ £ 205.8

Hence, this behavior is not atypical for halogen substitution and is

better{rationalized on the basis of a cOncehtration of p-character in
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bonds attached to more electronegative groups*® than in terms of a trend

tovard planarity or an increased capacity for n-back-bonding,

%

-
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. . CHAPTER v

THE *!P AND 'SF NUCLEAR MAGNETIC RESONANCE INVESTIGATION

INTRODUCTION >
The first systematic 3'p n.m.r. investigation of coordination
compounds with phosphine-derivative ligands was that reprted by Meri-
wether and Leto? in 1961, outlining the various factors which influence
phosphorus chemical shift/uﬁbn coordination.” Numerous studies have
since heen reported. The majority of these have been coficerned with
transition metal complexes bf various phosphine donors. Only a rela-
tive]} small number have specifically dealt with 1:1 addition com-
ﬁahnds."s Swnce each of these investigations utilized boron acceptors,
the data reported 15 especially relevant to this study and app11cat1on

of it will be made for purposes of comparison and comp]etion.

\‘

'*F n.m.r. studies of boron trifluoride adducts of various Lewis
acids have, on the other hand, been more extensively pursued. 0gq and
Diehl made use of '°F resonance peak broadening to study the kinetics
of exchange in ROH - BF4 systems, © Since then the methanol-BF3 kinetics
has been more thoroughly investigated by the sanmie methods,’+® Exchange
kinetics of amine-BF3 and ether-BF3 systems® as well as ketone- BF3

systems'® have also received attention.

A fluorine nuclear magnetic magnetic resonance investigation of

*Prior to this J. N, Shoplery reported the }!p spectrum of MezPHBIl3
as part of an n.m.r. structural analysis.?

\.
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the free BF3 X, (X =1, Br; n'ﬂ 0, 1, 2) species!? ‘revealed that the
chemical shift moved to lower field as the extent of m-bonding in the
molecule decreased, Thus 61, of BFBr2 is 130.4 p.p.m. downfield from
that of‘BF3. On the basis of this interpretation alone it might be
expected that the !°F chemical shifts of BF3 adducts of various Lewis
bases would also be doﬁnfie]d of the BF3 resonance since n-bond1ng
effects are sxgnlflcant]y altered upon coordination, It is found how-
ever that the dominating effect accompanying adduct format1on 15 an fn- -

crease in electron density in the acceptor molecule 12 Hence, 1ncreased

donor strength of a series of ethers was evaluated in terms of the extent.
of shie]drng of fluorine in their BF3 adducts as: Me,0 > MeEto > Et,0,12
Table V - 1 gives a series of Lewis bases together with the '*F resonance
shifts of their respective BF3 adducts adjusted where necessary to fluoro-
tr1chloromethane. CC13F. as internal reference.

The system of nitrogen donors exhibits a strtklng correspondence
'between changes in chemica] shift with systemat1c substrtutton in the
base. It is unfortunate that this same trend is not as pronounced in
other donor series, Thus in the ether series previously'C'iLted‘2 the
-g'dlfference in chemical shift between the MeZO and the Et20 adducts is no
qreater than 1 p.p.m. at 56.45 I”Hz Hartman and Gﬂ]espie“’ found that
acetone, methylethylketone, methylisopropylketone. and pinacole adducts
of BF3 all have a '*fF resonance at +148 p.p.m. Thus it is doubtful that
the !*F chemical shift parameter can’ be consistently used. to evaluate

relative orders of Lew1s basicity.

.
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TABLE Y1

The '°F n.m.r. parameters (619F in p.p.m. $elative to int, CCI5F;
JBF in Hz) for the BF3 adducts of a series of Lewis basks.

‘ S1sp Jpp ' Reference
BF, +122,5 15 | 10, 1
Me 3N +164.1 15.1 13
MeHN +158.8 15.5 14
et N +152.7 15.7 1,
N +146.5 13.8 214
4-MePy +142,4 1.8 13
Me »0 +158,2 - 15
- Me,Co +148 - 10
H,0 +146.6 - 16
te,S | +139.3 25.2 17
O Megp +139.0 52 s

i
T

The boron-fluorine cohpling constant has been studied both in,

free BFy and in its adducts. The hyperfine boron-fluorine interdction

is observed as a 1:1:1:1 quartet!! as expected in terms of the boron
nuclear spin value, I = 3%/, The loss of Jgr upon the formation of
some adduct systems is generally attributed to nuclear quadrupole
relaxation processes occurring at the boron nucleus.®s19,1 & Rapid
relaxation would cau;e the fluorine nuclej to experience aﬁ‘aver&ged
environment.of the fourrdiscrete 11g spin-states, therby giving rise to

a single'resonance peak rather than the characteristic quartet., Only in



sufficiently long-tlived '!g spin states that boron-fluorine interaction )
with each is observable,!® In view of the sensitivity of Jgp toward
these phenomena, its utility. as an indicator of Eértain chemical

Properties such a$- adduct stability or donor basicity js untikely,

EXPERIMENTAL ~

1. The Formation of the Adducts R‘PH3_ BHs (R = Me, Ph; n =0, 1, 2).

>
A1l adducts of this series were prepared in reaction vessels D or E in
the manner described in Chapter I1. Phosphorus oxych]or{de, POC13, in

small capillary tubes was used as external reference,

2. The Formatiom of the Adducts PH.BH n*n{X=Cl, BF, I: n = 1, 2).

These adducts were'prepared in reaction vessel C in the same manner as

: AN
outlined in Chapter 1v. POC]3 was employed as external reference..

-

3. The Formation of the AdductgﬁE‘Pﬂa_ BF: (R = He, Ph;

The boron trifluoride adduct series was prepared in reaction vessels D
or E following procedures outlined in Chapter II. ‘F]uorotrichloro-

£l
methane, CCI3F. was used as internatl standard.

RESULTS AND DISCUSSION . ‘

1. The *!P Spectra.* The Tow solubility of the adducts and the reduced

maqnetic sensitivity of the 3!p nicleus cohverged to limit the extent to

which the 2p n.m.r. investigation could be carried. The ’!P p.m.r.

-

parameters for al)l adducts are given in Table V - 2. The parameters
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TABLE Vv -~ 2

The observed 2'P n.m.r. parameters (§ in p.p.m. + 2 p.p.m. relative to
external POC13; Jpy in Hz + 10 Hz) for the free bases R PH3_n (R = Ne,
Phi n =0, 1,72) and their [BH3] adducts recorded at -2§0C70 CHs 1.

COMPOUND © s 8831p ot

PH +2382 1824
PH4BH, +106 . =132 372
MePH, +1682 1869 .
HePH, B + 66 102 88
Me,PH i +103b -f% | 1924
Me,PHBH,, -+ 28 a7 ‘V*‘jux~376 ‘(368)e
PhPH, s9c 2mf
PhPH.BH 46 - 73 368
PhoPH + g " 239f
PhoPHBH; -3 ‘ - 44 390

a)
. b)
c)
d)
e)

f)

of

tion can be clearly seen,

All RaPHz_ o literature values adjusted to external reference POCIS:

Spoc1s = Sigpo, * 4 p.p.m.

Ref. 20

Ref, 22

Ref. 23 ,

Jpy values obtained from 'H n.m.r. data, Ref. 24

Ref, 2 ’ , - . e
Ref, 25

the free phosphines are included so that the effects of adduct forma-

)

. The chemical shifts of the free species are observed to move down-

field with increasing methyl- or phenyl-substitution. The changes 1{n

4 -
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ip chemical shift in trivalent phdéphorus can not be properly assigned
to any one particular factor sﬁch as inductive effect. Vén Wazer has
shown that both the paramagnetic contribution of ghe unbalanced 3p
electrons as well as changes in bond angle J}ound'phbsbhofus as a
function'of substituent electronegativity are major contributors'to
chemical shift, !?: o ~

Hhat is of immediate interest is the pronounced downfield shift
which occurs in the phosphorus resonance upon [BH3] adduct formation. It'
is df%ficult to assess the extent to which this deshielding reflects a
drift.of charge from phosphorus to boron, The éhemicé] shift difference,
A6,1p = GJIP adduct - §, 2, Tigand, while large in each instance, is not
constant. A cons1stency of A631p values, paralieling the relat1ve1y
constant AG“B va]ues for the [BH3] adducts. mwght have been exXpected
on th? basis of the preylously made assumption that [BH3] presents a
simil;} positivé fie]& toward each ligand (Chapter 1V). The Tack of
consistency in the Aé,,p va]ues does not necessar1ly negate this

assumpt1on wh1ch implies a uniform deshielding capac1ty for [BH3]
Rather, since changes in bond angles arouqq pentavalentiphosphorus are
known to significantly affect *'P chemical shiftsz°-2‘,the largest A831p
value (PH3 system) might very well be reflecting the greatest change in
bond angle.around phosphorus upon adduct formation. (Compare the HPH .
bond anglsF in PH4BH4 and MePH,BH3, Table II - 6. p. 57.)

-fhe variation in 6:16_&5 a function of halogen substitution at
. boron was also investigﬁted using PH3 as the donor Species; Thé results

are tabulated in Table V - 3. The only comparable series previously

reported is that of the triethylphosphine adducts EtsPBH; X (X = C1,*
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"TABLE V - 3

The observed 'H, *'P, '8 n.m.r_ parameters for the adducts
PH3BHRX and PH3BHX> (X = C1, Br,)I) under the conditions
specified in Tables Il - 2, v - i, and 1V - 4, respectively;
and for the adducts Et3PBH,X and)Et3PBHX, (X = C1, Br).3

J

1 H P 31 p - .I 1 B
. lgr:'w i
¢, 5 Ipy-~7 s ‘ 05; 6 Jpg
. - ) )
PHBH, -4.60 377 +105(izz::éfé- w432
Et3PaH3 BUSEER! -\ +42 64
PH3BHoC1  -5.00 . 395 +104 388 Mg
PH3BH3Br -5.30 396 #1001 400 +26 . 55
PHBHRI  -5.60 400  + o9  4q0 +39 60
EtsPBH,C1 -3 . ¥20 85
Et3PBH,Br - L3 - +25 94
PH3BHCI2  -5.40 475~ +99 416 - g - o
. e b
PH4BHBr -5.90 418 + 97 424 +19, 91
PH3BHI, = -6.30 418 +95(2)  428(2) 454 g1 <.
v , : ‘ ' A .
Et,PBHCI, - - +£6 3
Et4PBHBT, + . #16 . >128

a) As taken from Refs. 4 and 5 with *!p chemical shifts adjusted to
external POCl3 according to the equation: 6P0C13 3 6P406 - 109 ppm.

Br;® n = 1, 2). hqain with either base, a large change in chemical shift.

takes place upon coordination (Galp, EtaP- = 466 p.p.m.).2° The tong-

range effects of halogen substitution show a relatively small doﬁhfield

3

-~ e

1 4]
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trend in the PH3 adducts but an upf1eld trend of nearly equal magnitude
in the Et3P adduct series. The absence of cons1stency reflected in
these minor changes is not surpr1s1ng in view of the several factors
‘which affect "P chemical shifts.

The various changes which take place in the .phosphine donor,
while produc1ng substantial variations in Gsxp, apparent]y have little"

effect on 6"8 (compare these two parameters for the correspond1ng

adducts of the *PH3 and Et3P series, Table V - 3). Thus “internal con-

_51stency between thgﬂtno parameterg.1s not observed. Such- would be

expected only if the extent of "lone-pair" sharwng were the only major

el

contributor to both shift values,

Table Vv - 3 1ncorporates both 'H and !B data so that adequate

.comparisen can be made between the coupllng constant parameters of all

three nuc1e1 Thus generally good agreement is observed between Jpy

values as obtained from Y and "P studles. Béron-phosphorus coupling
constants could not, however, be reliab]y asse;sed from the ”P.spectra.
Peak broadness as well.as the unusually high gains required of the
instrument (APPENDIX Table 1B - 1) prevented prec1se measurements in
this regard. The use of accumulation methods for the haloborane adducts
was found to be ‘equally unsatisfactory. Nevertheless. the increase in
peak broadness along the PH3 adduct ser1es [BH3] -+ BHZX - BHXZ is

undoubtedly attributab]e to a boron-phosphorus coup]ing constant of in-

‘creasrng magni tude. Cmnpare. for example, the width of the resonance

peaks of _ PR4BH4 {Jpg' = 29 Hz) with that of the resonance peaks of PHBH,I
(JPB = 60 Hz) in Flgure V-1,
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The 1:3:3:1 quartet js, of course, common to alj adducts of the
~—-phosphine haloborane series.* The .spectra of PhPHzBH3 (¥:2:1 triplet)

and/M§§PH8H3 (1:1 doublet) are reproduced in ngufe Y -2. The varying

resonance peaks.

2. The '°f Spectra.  The 'SF n.m.r. parameters are displayed in Table *

V-4 as a function of temperature, The enhanced.sgﬁubi]ity of the BF3
complexes* allowed the use of CHEC]Z as a sodvent and this permitted the

recording of spectra at temperatures as low as =909C in most cases,

.

The chemical shift values of the various phosphine adducts of BF5
are in accord with expectation using Me3PBFy as a basis for comparison,!*
Bearing in mind the dangers in interpreting chemical shf}t parameters in
terms of one principal factor, it {s neverthe]ess intefésting to note
that, .similar to the %ethylamin? adduﬁt. shielding of the fluorine
nucleus increases with increasing methy]-sﬁbsfitutfon. To place the
various phosphfnes in a é:addated order of basicify on the strength 6f
this criterion might be misleading. The nearly identiga]'chemical sh%ft"
values of the‘phenylphgsphine adducts accentuate this point. Furthér,

it should be noted that in this lattér Case the chemical shift exhibits
an unexpected upfield trend of a few P.p.m. when the systems are.warned,
These parameters remain somewhat uncertain, especially in view of the
fact that the 'H n.m.r, spectrum of PhPHyBF3 at -70°C does not give

clear indication of adduct formation (Table I1 - 2, p. 45),

Only the methylphosphine adducts exhibit borhn-fluorine spin~spin

£
-~
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splitting, yielding the 1:1:1:] quartet. However, of the two adducts
investizated here, only in the dimethylphosphine complex is the hyper-
fine interaction maintained over an appreciable temperature range (Table
v - 4), The absolute value of about 54 Hz for JBF is comparaﬁ]e to that
observed in the trimethyiphosphine adduct {Table V - 1). A value of
simiar magnitude, but.of less precision, Qas obtained from the !!B
n.m.r. spectrum.df Mle,PHBF4 at -30°C (Figure V - 3),

Th? maqgnitude of the indirect coupling constant, JPBF' is sianifi-.
cant]y.]arqér than that of the direct coupling constant, JBF" That this
shou]d‘Béfthe case is not surprising in view of the fact that the direct
phosphorus-fluorine coup]iqg\;onstant for several compounds is abserved
to range from approximately 700 Hz (KPF6 aq) to 1400 Hz (PF3).2‘ It has
been pointed out? © that the magnitude of the coupling constant is a
function of fhe product Ef the respective magnetogyric ratios of the two

nuclei and of a third factor related to the electronic environment in
yhich the nuclei are immersed: JAB =YpY B'fAB°* The effect o% the
electronic environment on the magnitude of the coupling const;nt_is-
rather dramatically illustrated in the change in Jp,, when the PH bonding
orbitals of phosphine underqo an increase in s-character upon adduct
formation (Chapter I1). Thus only if the electronic environments-abouf

the two magnetic nuclei are nearly the same-(as, for example, in two

corresponding *H and *H compounds) can different J-values he attributed

L4

*Since the magnetic moment, u, is defined as yhI, if the magnitude
of the hyperfine splitting were to be related to the respective mapnetic
moments rather than to the magnetogyric ratios, the equation for the
spin-spin coupling would be: JABIAlIR = Up*up-fag. I, and Ig are the
respective nuclear spin vectors. : . :

—
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to different nuclear moments. In the pkosphorus-boron- f]uor1ne system
1nvest1gated here, the electronic env1ronment between boron and fluorine
- 1s certainly not the same as that between phosphorus and fluorine. If

on f '
it were EEE . XB_PF Y. In actual fact, this ratio is found to be

Yp Jgr  fpr
significantly greater than unity.* A result other than unity, after
the normalization operation indicated above, reflects the differing

electronic environments through which the nuclear spins are communicated.

The eventual collabse of the quartets at -10°C_is nearly coinci-
denta) with the dg;lapse of the 1:1 doublet att;ibutable to the indirect
JPRF coupling (Fiqure V - 4), ¥ The almost simultaneous loss of both
coupllngs'zan be accounted for on the basis of rapid exchange mechanisms,
Processes 1nvolv1nq the making and breaking of the P-B or B-F bond (or
perhaps, both) may be at work in the systen.

The retention of Jgf in‘the HepPHBF3 system over a considerable
temperature range is unique to the adduct series studled here. Its very
early loss in the case of "iePH2BF3 and its total absence in the spectra
of the‘Ehenvlphosphine adducts is best described in ferms of nuclear
quadrupole relaxation processes occurring at the bpron nbcleus'as dis-

cussed earlier in this-chapter; -Apparent]y, in the dimethyfphosphine

system the electric field qradient around boran is relatively low.

The caléulated value of the ratio —2Z§-x 12;2 is 3.9. The values

17,2 55

17.2 and 13.6 are nuclear precession frequencies in Mizat 10 kilogauss
-and are in the same relation as the. magnetogyric ratios.?’

+

\

+The somewhat unsymmetrical appearance of this doublet is unusual and
difficult to explain. :
o



Figure V - 4 -~ The '*F n.n.r. Spectrum of Me, PHBF
recorded in Gi,Cl, at various temperatures,

~70
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Thus the relaxation time is sufficiently lengthened te permit the inter-
action of each !B spin state with the fluorine nuclei even at rela

1y high temperatures.
-4
Hence, in the boron trifluoride adduct series. loss of Jgg is

attrlbuted to two d\fferent processes, In all the adducts except that
of_d1methy]phosph1ne. loss of boron-fluorine couplina is ascribed to
rapid relaxation processes induced by the interaction of the '!'B nuclear
quadrupole moment with relatively high electric field gradients. But in
d1methv]phosph1ne boron trifluoride, the nearly 51multaneous loss of JBF

and JPBF @19ar1y reflects a rapid exchange process.

A The' loss of Jpge Within the series as a function bf temperature,

o while giving some indication of adduct stahility with respect to exchange
processes. does not reflect complete dlssoc1atlon of the adducts because
other n.m.r. parameters such as Jpp and S1y (Table II - 2, p. 45) are

still those of the adduct rather than of a free base. S

S
The chemical shift of BF3 in methylene chloride at <909C has been

~ reported’as +122.2 p.p.m. relative to CC13F'° although other values have
been given.'®+2® The chemical shift for the PH3-BF3 system obtained in

this study seems to indicate that the adduct PH3BF3 does not form at the

temperatures specified.
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CHAPTER VI

THE VIBRATIONAL SPECTROSCOPIC YAVESTIRATION
OF THE PHOSPHINE BARONM TRIHALIDES

)
INTRODUCTTON ) | -
Several infrared and Raman studies of boron trihalide adductsw1th
) a var1etv -of donor molecultes have been reparted in the recent chemical
literature 1= ¢ Various v1brat10na1 effects attendant upon adduct fonma-
tion have Been the object of these studies, 1In additign to 2855igning. the
characteristic frequency of the donor-acceptor bond and lnvestlgat1ng
the manner in wh1c;\1t varies with alteration of substituents, changes in
group frequenc1es nf both donor and acceptor molecules upon adduct forma-
"/_ have also been lnvestigated and interpreted, Thus, for exanple, it is
' generally observed that a 51gn1f1cant lowerxng of the BX3 asymmetric
;;. ~— Stretching. -frequency follows upon boron trihalide complexation.!s? The
| BX3 symmetric stretch was originally thoyght to exhlblt a slightly higher
‘frequency as a resu]t of adduct format1on 's2 More recent studies on a
var:ety of adductg?-S have, however, indicated that the BX3 symmetric
stretch in the adduct is of sl1qhtlv lower frequency relative to that in
the free trihalide. It has a]so been suggested that chanues in the BH3
stretching frequencies of borane complexes can be used as criteria of
donor-acceptor hond strength, decreaSIng as the donor ab111tv of the lig-
and increases, &7
| Changes 1in the group frequencies of the donor spec1es do not -

exh1blt a general trend upon adduct formation and Drago reconmends

caution in drawing conclusions regarding the strength of Eewis~acidity
\

»
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\ : '
of acceptor.molecules based on the magnitode of“either positive or nega-
tive shifts in the vibrational frequencies of the donor molecule,

In the naJorlty of spectroscopic studies pertaining to 1:1 .boron
tr1ha]1de adducts, the identification of the dative bond frequency and
the iﬁterpreoation of its variation within an adduct seriés have been .
of primary interest., These studies are best surveyed under the various

denor groupings, N

1. Hitrogen Donors. Nitrogen-éontainjng'Lewis bases have, by far, been

most extensivelv used as donors toward the boron trihé1id35'in vibration-
al spectroscopic studies. Parallel inveétigations have, on ocoasion.
produced conflicting results or interpretations, Thus, in two:$éparate ;
studies of the pyridine adduct ofﬂ?Fa, the N-B stretching frequency was
variously assigned at 1712 eV aoo‘ot 694 cm‘].s ‘Similar oiscrepancies
X aoe séen‘in the early spectroscopic work on H3N8f3 losl1 ohere differences
in assignment of fundamentals as well as in experimental frequencies are
td be noted. Later, this same system was. 1ndependently investigated by
two other groups. ’2"’ Both studies 1ncluded work on the deuterated K
compound and a normal coordInate analysis. Of special note in this case
is the divergence in the manner of treating the N-B stretching mode. In
one report!? WhB is specifically assigned at 738 cm-! with the BF3
a;ymmetric mode placed at 982 cm'].‘ In the other study the donor-
acceptor mode is interpreted as coupled with the BF3 asymmetric stretch’
resulting in two new vibrational modes, one at 742 cm'i and the other at
._991 nm']. The rationale for this interpretation, which leads to slightty

f\-
better product-rule agreement, is that the NH3 group in the complex is of

-
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heEr]y-the same mass as the fluorine atoms on boron, Hence the two
specified frequenc1es Pre actually mixed modes tnvolving both B-F and
N-B bond, and can be thought of as 1n-phase and out-of-phase stretching
frequencnes. respectlvely. The lower frequency is envisioned as a
'breathing' motion, where both the nitrogen and the fluorine atoms are
- sxmu]taneously moving away from boron. In ‘the higher frequency band
the boron moves in a d1rect1on opposite to that of nltrogen and the
" three fluorines.!®
The foregoing itlustrates the particu?ar difficulty egcountered
_in attempting to pos1t1ve]y assign a fundamental frequency associated
wrth/theﬂdat1ve bond stretch1hg mode. %n a study of the boron trihalide
c0mplexes of trimethylamine! a s1m1]ar difficulty was encountered,
Coupling eﬁfects arising out of. the interaction of other skeletal fre-
quencies w1th the N-B bond rendered unamhiguous assignment of a charac-
teristic frequency ver} oifficult These effects must be expected
whenever the acceptor or donor conta1ns atoms heav1er than hvdroqen and
unooubtedly will vary as the-mass characterlst1cs of the subst1tuents on
either moiety are changed. Thus it becomes apparent that attempts to
ﬁdescr:be changes in ViB as a funct1on of changes in one particular
prope}ty such as acceptor ac1d1ty with succe551ve halide substitution
are bound to meet with much difficulty, 4The use of isotopically enriched
varieties of adducts or of normal coordihetelanalysis“ can be of sgme
“assistance in locating and assigningVan'“uncoupied";datiVe bond

'-stretching vibration. o ,

It is interestihg to contrast the results of the\ebove uork with

.
\ - ,
. . ‘

R
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those of an earlier 1nvest1gat1on of the trimethylamine and pyridine
adducts of BX3 (X =H, F, C1, Br).!5 The assignment of the N-B stretch

to a region over 1000 am~T 1ed to éhe conclusion that QNB was sensitive
to changes on N (qu pyridine complexes: 1090 - 1102 cm‘]. vhNB, TMA com-
plexes 1249 - 1250 cm ]) but not to changes on boron, Subsequent work
with pyridine® and tr1methy1am1ne‘2 is in basic agreement with the a551gn-
ment of the N-B stretch to the 600 - 80) cn”? region.teest s Tab]e VI - 1

lists the various N-B stretching frequenc1es as function of the donor

molecule and of the substituent on boron

. TAB£E~Vi -

o :
VNB values (cm-1) reported for trivalent boron
complexes of various nitrogen donors.

IBH3] BfB . BCT:3 , BBr3 ‘BIS

HaN2 776 738 - . -

‘C5H5Nb o 692 L
CslishS .~ 1090 ;1102 1095 1095 -
Coghd =~ L - o125 - ..

Me4n® 695 745 . 727 715
Megh’ ‘
MechTsh 645 72 706 -

i
Etsh

a) Ref. 12 AN
b) Ref, 3
c) Ref. 15
d) Ref. 17
e) Ref. 4 ‘ T ~
£} Ref. 7 ' ' : :
#) Ref, 23 ”
h) Ref. 24
i}  Ref. 18 : T
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dative hnnd stretching frequencv for EtZSBF3 is observed at 610 em™ 1,
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< .. . . '
Spectroscopfc/stud1es of acetonftrile complexes have been report-
-
A more recent v1brat1ona] analys1s, based in part on a previous

ed_lS‘Zl
crysta]lographlc investigation, 22 was undertaken by Swanson and Shriver
on the aceton1trJle adduct of BF,, * BC14 and BBr3.?* On the basis of
force constant calculat:ons 1t was conc]uded that the N-B bond in the BF 3
adduct was weaker than it is in the other two complexes, Using the value
of the force constant as a cr1ter1on of bond strength it was found that

the N-B bond in the BC13 and BBry adducts is of nearly the same strength,

2. 0Oxygen Donors. Spectroscopic invest1gat1ons of adducts of oxygen

donors with trivalent boren have been mainly limjted to infrared studies

of BF3 adducts with aldehydes,?5~27 aromatic esters *® and ethers, 2?

Aside from the" study on ether adducts attent1on is mainly focused on
changes in the v1brat1onal properties of funct1ona] groups or in.carbon-
hydrogen stretching frequencies upon adduct formation. In the boron
trifluoride-ether adduct series V(B is assigned to the- 600 cm-1 region.
The magnitude of vop 1s observed to decrease as the donor Strenqth
decreases from 666 cm™1 for Et208F3 through 635 cm=! for anisole, Coftg-

0CH3 BF3, to 609 em=] . for BrC2H40CH3 BF3 By way of conparISon the

aagy
by

3. Phosphorus Donors, The first P-B stretthing frequency to have been

-
reported was that of F3PBH3 by Taylor and Bissot?® in which VwPB was

9

assigneﬁ to the 607 cnqﬁybhnd in the Raman spectrum Since then a

er of other reports dealing with the vibrational propert1es of the

-P<B bond have appeared. A wide range of assigned stretching frequencies

is to be noted, with vPB varying from *400 cm'] to. =900 cm‘]. Host of
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the compounds which have been studied are adducts of borane, [BHj]. with

various phosphine donors (Table vI - 2)? Hith only a few exceptions,

the use of the boron trihalides és qgggp;or ;p;cies has been limited to
Boron-frif]uoride. An early investigat¥on® ¢ utilized infrared techniques
to obtain evidence that the adduct PH3BCI3 was not entirely dissociated
in the gas.phase. -Another spectroscopic study invelving BI3 reported vPB

at 550 em-! for I3PBI3.*7 A previous investigation of the same compound®*

reported vPB at 384 cmT] and the BI3 asymmetric stretch at 564 cm‘].'
: \

TABLE VI - 2 \\

Assigned P-B stretching frequencies (cn~!) of adducts
of [BH3] and BF3 with various phosphine donors.

[BH31 - BF3 | Reference
mo g ¥
MePH, 564 ° 34
Me,PH 575 - 34
ELPH._ 562 .
EE,PH 573 34
Phyp 608 ' . 35
F4P . 607 ‘ 3
~{CHz0)4p 799 o 5
CeltgR 855 869 6
c6§903p 860 " 854 6

'As an exception to the molecular adducts, the compound series
ArzB=PR; can be cited in which upB 1s assigned to 1400 cm-l region, !

. B \'\\
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9
Variations in the assignment oftmodes other than that of the P-B
interaction are also to be noted in the reports on-some of these com- -
pounds. Thus in the spectrum of PH3BH3 the 969 cm'? band is assigped

to the B3 (e) deformation by one group?? and to the PH:(a7) deformation

by another group.?*?

Discrepancy appears as we]] in the assignment of -~
/stretch1ng modes whene the same band is assigned to wPH (a]) by the
former and to vBH (ay) by the latter; yet another band is attributed
to vBH (a])32 and VvBH (e);*? and a third band to vBH (e)?? and wPH (a;).??
Although a deuteration study?® contributed to the c]arification.ef these
assignments, the original confusion is understandable in view of the .

often uncertain polarization data associated with some PH modes. Examples

of this difficulty are to be seen in the resuTts of the work descrlbed

_below.
\

Inashuch as the spectra]*investiqation of the ;L3BH3 system did
eventually lead to satisfactory assignments it seemed useful to extend
the 1nvest1qat10n to those horon trihalide adducts of PH3 wh1ch were
relatively stable with respect to dissociation. It was anticipated that -
the assignments relative to the PH3 moiety in PH3BH3 and those related
to BX3 in the various nitrogen-donor adducts would be of assistance in

making analogous assignments in the spectra of the new adducts. -

2
EXPERIMENTAL

1. The Formation.of the Adducts. AN reactions were carried out in

reaction vessels similar to types D and E, with a small constriction
located about 5 cm, from the bottom of the tube. ‘The procedures followed

in preparing the adducts were identical to those alreadj described
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in Chapter II except that no sglvent was added to the newly formed adduct
prior to sealing the tube. Special care was taken to ensure complete
consumptiod‘of free BX3 by adding phosphine-in meaeured excess, Before
seal-off the system was opened to the pump for an appreciable time to
remove any excess phosphine and, in the case of the PH3BI3 adduct, to
remove any residual denzene; The deuterated'analogues of the adducts

o

vere prepared using PD3 obtained in the manner described in APPENDIX,

Section ]C 1.

——
-

e Fy

2. PRaman and Infrared-Sﬁectra. Raman spectra were obtained on solid

samples of each adduct as well as on so]utjddsiih which CH3I and CHoCY5
wers employed as solvents. The solution studies provided an_oeportunity
for polarization measurements. Two different so]vedtelwere used‘so that
any adduct peaks masked by the vibrational bands of one solvent would be
discernable in a solution of the otner solvent. The infrared spectrum of ;
each solid adduct was recorded using CsI pellets and NUJQI mu]ls. Solutigg\fl
spectra were obtained for each adduct 1in CH3I and CH2C12 o
The Raman spectrum of each freshly prepared adduct sealed in the
5 ¢cm thin-walled glass tube was the first to be recorded, Following this
the tube was opened under a moisture-free atmosphere add small quantities
of the adduct were removed for immediate use in CsI péllets and Nujo]
mulls for infrared ada]ysis. The remaining material was stored in the
original glass tube,. tightly capped, under a nitrogen atmosphere.’ Methyl
iodide and methylene chlor1de solutions were prepared under the same
conditions by dividing the mater1a1 remaining into two portions and' add-

ing the appropriate so]vents. A small syringe was used to transfer the
X -

Y =
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clear solution to an optical cell for Raman analysis. This was tightly
‘ . ' <
capped before removal from the dry box. A similar method “as employed

G in preparing tﬁe conventiomal KBr solution cells for infrared analysis,

-~ ¢

Fl

RESULTS AND DISCUSSION

-

Il

~

The eight-atoﬁ PH3BX3 molecule is assuméd to posses% C3v symmetry
in staggered conformation. As a consequence of thei3n - 6 degrees of
freedom for the non-linear sx§tem. eighteen normal vibrationa] modes are
expected. Five of these wi1ﬂ be -of a) symmetry species, one of a , and

| six will be doubly degenerate e modes. A1 of these with the exception
of the L2 will be.active in both Raman aﬁd infrared.'with the 271 modes
being polarized and the e modes depolarized in the Raman effect. The

fundamental vibrational bands for the PH4BX3 adducts (H = W, 2H; X =

c1, Br, 1) are identified.as indicated in Table VI - 3, The table also

includes the symnetry‘groups of the donor and acceptor molecules prior

to adduct formation and correlates the changes in vibrational Symmetry

3
[

species as é result of complexation.
Tables 5 - 1 through 5 - 3 of the APPENDIX contain a comprehensive
listing of a]l,vibrational'data for PH3BC13, PH3BBr3. and PHjBI3. respect-
ively. Raman data on each adduct in the solid as well as for CH3I and
CHZCIZ solutions of the adduct are presented. Relative band intensities
and polarization data are given. Al1l observed .overtones and combination
bands are included and assigned. A parallel Tisting of all infraréﬁ data

obtained from Csl pellets and Nujol mulls of the solid as well as from

£

solution spectra are given. A composite listing, averaging the values
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obtained from each method, completes the table with appropriate assign-

ments.” A similar series of tables (Tables 5 - 4 through 5 - 6, APPEN-.

| DIX) is given for PD3BC_1_3, PD3BBI_-3., and PD3813.- respectively.

TABLE VI - 3

Point group classification and symmetry species of
fundamental vibrational bands of PH3, PHyBX4, and BX3

PHOSPHINE - ADDUCT BORON TRIHALIDE

.- &
2 C3v C3y . | D3.h
o _ ay modes :
. \aranannnn \
- vi PHyst,a A v PH3 st , i
v; PHy def, a ~ uk PHy def - .
- i vy P8 st . ]
Vs 8}13 st -\ v, BX3 st, _a_"
vy BXy def “v v BXy def, a"
a, mode
v H3PBXs torsion .
N Vv, PH3 st, e W vy PH3 st
vy, PH3 def, & Vg PH3 def :
vy BX3 st v vy BXj st, e
Vi1 BXy def “ v, BXg def, e

Vi2 BX3 I"OCk

*In the compilation of the composite listing, Raman spectra of the -
solid samples were given doninant weipght since these provided the most
intense bands as well as the clearest overtone and combination data.



-142-

The rather good agresment between solid and solution Raman and

infrared spectra suggest only a minimal influence due to torsional and/
trans]at1oﬁ;l lattice modes in the solid samples. While relative

- band intensities as well as peak broadness*® were of some assistance in
determining sywnetry type, po]ar1zation data obtained from Raman spectra
of the solutions were used vhenever possible in assigning symmetry
Species, Attent1on was given to _infrared band intensities as corrobo-
rating ev1dence for the validity of assiqnments based on the Raman data,

Althouqh the Raman snectra qive llttle. if anv, evidence of free
Bx3, the solution soectra in both techn1ques contained small bands
attributable to free boron trihalide in PH4BC15 and (to a lesser extent)

in PH3BBrs.  This is not surprising in view of the relatively high

dissociation pressure associated_with'these weak adducts,?®

r

1. The Phosphine Frequencies. The assignments for the five phbsphine

fundamenta? vibrations of each of the six adducts are recorded in Table
VI - 4, Calculated values for each of the fundamentals, obtained by
means of an independently done computer study.' are tncluded for com-
parison purposes._ The vibrations characteristic of the coor&%nated

. bhosphine moiety. in the BX3 adducts were initially assigned on the basis
of isotopic shifts ypon deuteration and by comparison with the previous
“work on the PH3BH3 system, ?? Refinements vwere made followina computer
check, and comparison Hlth the 1soelectronic S1H3CH3 system also proved

to he helpful b

. “The culated frequencies for the fundamental vibrations of the
PH3BX3 addgcts (11 = M1, 2H; X = Cl, Br, I) were obtained by Dr, 1. L.
Hencher of %his Depnrtmcnt
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A comparison of the Paman spectrum of solid PH3BC13 and its
deuterated analoque. (Figure VI -~ 1) tllustrates the marked shift to
lovier frequencies that occurs in vibrations of the phosphine group for
all adducts upon deuteration, N Althougn isotopic shifts were basic to
the 1dentification of the fundamentals attr1buted to phosphine vibrations,
polarizatwon data were necessary to unambiquously distinquish between
symmetric and asymmetric modes. The polarized spectra of solutions of
a1l six adducts in two different solvent systems afforded some evidence
for the assignments recorded in Tahle VI - 4, In tre past some uncer-
tainty existed as to the depolarization of the asymmetric deformation,
Vss In PH3BH3,72¢33 The present system is no exception to thig problem,
but the so]ut1on spectra seem to indicate that the hlgher frequency de-
formation band is 1ndeed the asymmetric e mode, Figure VI - 2(a) re-
produces the CH,Cl, solution spectram of PH3BC1, in 960 to 1160 cm~!
region. The spectrum shows the lower frequency band to be polarized.
The somewhat doubtful depolarization of the higher frequency band is
2lso discernable, The clear polarlzatlon_of the former and the less
clear depolarization of the latter give some support for the assignment
of the deformation modes as indicated in Table VI - 4. .
The difficulty in differentiating the two deformations can be-
appreciated by considering the apparent reversal of intensities of the
respective bands in the Raman Effect. On the basis of band 1ntens1ty
alone one is led to assign the symmetric deformation to the higher
frequency vibration. This would be in accord with the usyal intensity

pattern (compare, for exemple}-the'intensities of the asymetric and
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symmetric stretchinq modes in the PH4BC13 Raman spectrum, Figure VI -])

o o ~147-

Nevertheless, 1t would be out of accord with another normal pattern in
which asymmetric modes are general]y observed at higher frequencies than
are’ Synmetr1c ‘modes, Exceptions to this latter behav1or are, however,
not d1ff1cult to find.**° But in the light of the polarization evidence,
together with the unequivocal assignments of the. -PH3BH3 system,??
ass1gnments made solely on the basis of band intensit1es must be ruled
out. Parenthet1c 1y At might also be mentioned that assign1ng the
asymmetric deformation to the higher frequency band mainta1ns the order
in which the correspond1ng fundamentqls appear in free phosph1nd namely,
1122 em~1 and 992 em=) for the eand a modes. respective]y.“z

7 It is on deuteration that a cross-over of bands may perhaps occur..
-at least in the case of the PD38013 adduct (Table IV -~ 4), For the most‘
part. however. the near co1nc1dence of the . -3 and e deformation modes
in the deuterated adducts makes this point difficu]t to demonstrate., In |
fact, the separation of the two bands is so- slight that it is a]most im-
possible to resolve the single adsorpt1on enve]ope into two components

" in any of the adducts. This region:of the spectrum is reproduced {n
Figure VI -~ 2b for the PD3BI3 adduct in CH3I. The polariied peak on

the side of the solvent band is assigned to the symmetric PB stretch at
642 cm™ 1. The band at 760 cm~! of uncertain polarization does show
slight evidence of sp11tt1nq in the Raman solution spectrum and this is
2 bit more pronounced in the infrared. Furthermore, the asymmetry of
the envelope alters under polarization conditions. This would be

expected for. nearly coincidental bands, one of which is polarized and
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the other not. .

The accidental degeneracy of the two deformation modes is unusual
but not w1thout precedent In S1H3CH3, both the symmetric and asynmetric
SiH5 deformations overlap to such an extent ‘that the one band enve]ope
';_can not be resolved into two distinct peaks. It 1s only on deuteration
that both deformations are observed at different positions in the
spectrum *' The reverse seems to be occurring_in the BXy phosphine
adducts. o - o i

Further supporting euidence for the'assi-gnment'of'u2 and v, to

wthe same envelope is’seen in ouertone activity, fn the phosphine
‘\adducts an overtone of'the symmetric deformation, 2u2, is observed at
~1950 cm'], but no 2ve absorption is seen, In the deuterated spec1es.
_'aﬁ”overtone assignable to ~2 x 760 em™? is apparent in the Raman spec-
Itrun of al] three adducts. sugqesting that v, is at ~760 cnm ]. Further,
comblnat1ons ‘including. both v, and v, a551gned at /760 em1 are parallel-
ed in the.protonated ana]ogues |
L Fina]]y. the assagnment of both deformations to the same position
in’the spectrum is also supported by the good agreement in the Te]]er-
Redllch phoduct rule ca]culatlons (VI - 9).

Portions .0f the Raman spectrum of solid PHsBBr3 are reproduced
in F1oure VI - 3, Three bands are observed in the PH4 deformatlon
region, 930 to 1]30 cm ].7 The higher set provldes an excellent example
of Fermi resonance, where an overtone and a fundamental of the same
'synmetry 'species couple to produce a decrease in the intensity of the

" .fundamental and an increase in that of the overtone. In this case the

i?
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asymmetric deformation, v;, coup]és with 2v,,, the overtone of the PH
-rocking mode at 530;pm']. In addition to a 1oss of intensity, the
fundamgntal.also 1s shifted to a frequency somewhat lbwér than/that

. which would be expected on the basis of'iis position”in the spectr§°of

the other two adducts (Table vI - 4).. This, too, is in accord with th;J

phenomanon of Fermi resonance.“" The Fermf resonance is observed not
only in the solfd. but it is ciearly evidént'in 211 of the spectra of
the ad&uct (see, for example; the infrared spe;tr;m'of PH;BBr3 in CH3f
_ Figuré VI - 4), The Fermj resonance can not, be taken as additional
fevidence thét the higher freqpeﬁby PHS deformdtion 15 the asymmetric
e mode on. the ground that ohly Hﬁnds of the same symmetry interact to

yield the resonanbe'phenomenon. By symmetry rules 2v,, = & x e which

o
in turn reduces to both € and a symmetry,

The PH3 rocking mode, v,,, is a distinct band of meaium intensity,

depolarized in the Raman Epeétra‘of the adducts, The sf%nificant
intensity pf the band {s a fgature'simflar to that noted in PH3803 and
PD4BD4? and for the_SiH?‘rocking mode in the isoélectronic SiH4CH;, !
The PH4 rocking modg; show a shift to Tower frequency with increasing
”‘““acidity of fﬁe acceptor specie§ that parallels a similar trend in the
PH3 stretching modes, The trend t6 Tewer frequencies may indicate a
progressive drift of charge away from the.PH3 group .as the acceptor

“ébility of the Lewis acid increases,

2,  The Boron Trihal*&é“Frequenéies. The assigﬁménts of the five_BX3

éﬁentals,for'each of the six adducts, together with calculated

frequency values, are recorded in Table VI - 5. It is worthy of note

'

s

y
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that. except for v o+ the asymmetric BX3 stretch, deuteration of the
ph05ph1ne end of the adduct causes only minor changes in the Bx3
vibrational frequencies, Hence, appreciable coup11ng of donor and
acceptor qgroup vibrational modes does not seem to be a dom1nant
phenomenon, and it is therefore not inappropriate to treat the vibrat1ons
of each as qgroup frequencies, '™ |

A The problem of d1fferentiat1ng between symmetry types arises in
this portion of tha Sspectrum as well. No difficulty is experienced in
1dent1fy1ng the BX3 symmetric stretch, v,, in any.of the systems. It
occurs 1n the spectrum at a pos1tfon Jjust a Tittlé Tower than where it
is observed in the spectra of the free molecules,*s ‘ Furthermore this
very intense Raman bang is almost totally eliminated under po]arizat1on
cond1t1ons. In addition, vibrational frequencies in the spectra of
other boron trihalide adducts close to the values for uk given above are
assigned to the BX5 symmetric stretch.**® The asymmetric stretching
~mode is not so e3511y studied because it occurs in the 675 to 730 cm™ -1
region. This small portion of the spectrum contains a concentration of
fundamental vibrational bands as we]T as considerab]e overtone énd com=-
binationuactiv?ty (see Figure VI - 5, the Raman suectrum of solid PDf- -------- '
313). The protonated adducts are more usefyl in this case than the
deuterated because in the spectra of the latter this difficulty is only
.compounded with the PD3 deformations also occurring in this region.
'However the comp]ementarity of band fntensitles in the infrared and
Raman 15 of some assistance 1% confirming this assignment. Thus-thé
weak 700 cm”! shoulder in the Raman spectrum of PH3BBr3 and the weak

596 cm” ! band in_the Raman Spectrum of PD3BI3 appear as very intense
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absorptions in the infrared spectra (Figures VI - 4 and VI - 6) of the
respective adducts. In the spectrum of solid PD3BI3 the band assigned
to v, is clearly split indicating that in the solid state, at least, the

deqgeneracy of the asymmetric stretching mode is partially 1ijfted. The

same behayior s noted in the protonated analogue, but to a, lesser extent.

The BX5 deformafion bands v and Vi, ocbur_jn close proximityAtb“
oqg another in the spectra of all adducts, byt espeéfaiiy in those of
the BC13 gnd BI 3 compounds (Figures vI - ] ang_VI - 5). The two bands'
are easily'resolved in the spectrum of PH3BC15 and the polarjized Raman

spectrum of this system (Figure v - 2c) as well as those of al] the

ation, This §s a réversal of the normal Pattern and was alluded to
earlier, The same reversal has been observed in other boron trihalide
adduct spectra,fs*»s 4 corparison of the bands assigned to the symmetric
and asymmetric éxa deformations in the spectrum of PH3BBr3 (Figure vI -
3) will reveal a significant difference in band widths, the higher being
rather sharp and the lower being considerably broader, This is seen as
_additional evidence'cpnfirming the aﬁsignment.““

The BX3 rocking made, Vy,» assigned to';he‘]owest frequencj, is
clearly depolarized in the Raman spectra of solutions af a1} the adducts,
It is intéresting toﬂobserve this band in the spectra of the solid
species (Figuras V{'iz; VI - 3, VI - 5). In both the BC1, énd BBr,
adducts the band exﬁibits some splitting. The partiaMdifting éf degen-

éracy seems to be duye to lattice effects in the solid since‘éimjlar'

@
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splitting is not observed in the solution spectra.

In a viﬁrational spectroscopic investigation of the boron tri-
halide adducfs of aCﬁtbnitrile,‘ the BXg }ockiné”mode was assigned to
a frequency higher than etther of the deformation modes en the basis of
normal coordinate calcuﬂstions. The spectral evidence in the present
study stro:gly favors ‘the assignment of Viz to the lowest frequency. It
is to be noted that this ]atter assignment would also be—in agreemeqf.

with that Bf another study.*

é. The Phosphorus-Boron StFetchinq Erequency. The variations in the
frequency of the p-B Stretching mode .upon deuteration or changes in the

halogen species on boron are recorded in Table V] - ¢,

TABLE VI - 6

The observed and calculated P-R stretching fréquency. V,, in cm“]
* 3 em=! for the adducts PH3BX3 (H = ., H; x = (1, Br, I).

i ™~

T BBry ) Bl
obs Calc ~ 0obs calc obs calc
o . - .
PH, 675 674 682 " 685 662 662
PD, 633 633 634 649 642 635
e

The P?B stretch, v,, is assigned to a band wﬁich is a partially

. polarized.’médium intensity peak in the Raman spectra. This assignment

-~ ) ,
places the P-B stretch somewhat higher in frgquency than is observed in '

PH3BH32%933 Yot it remains at a fairly constant value for aln) of ‘the

phosphine adducts. The re]ative]y'large shift upon deuteraffon is con-
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_sistent with a large degree of mixing-with the phosohine skeletal modes,
Such m1x1ng is not unexpected when one considers the mass of the phos- .
phine group relotive to that of the haljde attached to boron. In this
respect the systeo is quite ana]ogous to that of H3HBF3 where neither

the N-B mode nor the BF asynmetr1c stretching mode could be taken as

—

unmixed species,!® ' ‘w

The difficulty of obtaining good polarization oata on the P-B
stretch is demonstrated in the spectrum of PDaBI3 in the 630 - 830 cm™!
region (Figure VI -2b). The P-B stretching mode appears as a shoulder
-on the side of a solvent band. In spite of this less than ideal situ-
ation, the band does seem top give evidence of at least partial polariz-
ation, - | | '

It has been said that the P-B stretch1ng frEquency can be a much
more sensitive crlterton of. bond strength than are changes in the fre-
quencies of fundamentals of the donor or acceptor species, ¢ Unfortun-
ate]y. in this case, the applicability of this criterion is severe]y |
Timited by overlapp1ngfundamenta1 bands and high overtone and conb1nat1on
activity. Another very impoFtant handicap to the effectiveness of this -
criterion as a predict1ve tool is .the relatively large degree of mixing

wh1ch occurs between the P-B stretch and other modes. )

]
ot

4, Overtone and Combination Bands, The Raman spectra of the sol1d

adducts were part1cu1ar1y rich 1n overtone and combination bands. Swnce
the symmetry species of all fundamental modes .are active in both Raman
and infrared, no avertpne or combination band was forbidden on the basis

of selection rules,’ Althouqh each spectrum yielded a unique set of such
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bands, a suffic{ent number of the.égme type occurred in each spectrum '
to warrant a8 compilation of th1s 1nf0rmat10n. Tah!es VI - 7 and VI - 8‘
correlate the overtone and combination bands-in the PHy and PD3 ‘adduct
ser1es. respectivelv. A complete Tisting is to be found in Tables 5 - 1
through 5 - 6 of the APPENDIX. Both tvpes of bands were found: tobbe
particularly useful in confirming the assignment. of fundamentals,
The asymmetric PHs stretching mode was found to be especially
active in combination activity. Fiqure VI - 7 illustrates this gctivity
in the 2100 - 2700 em™! region of the Raman spectrum of PHiBBry. It has
been pointed out that for each addition band there should be a corres-.
ponding difference .band.** [p the Ramah spectra of the solid adducts
'this was true in most.cases, although m1ssing difference bands were
occa51ona11y expected because of the reduced intensity of these relative
to the addition type comb1nat1on. ) . ¢
Lesser'overtone and combination activity wasfobsefved in the BX3

modes. It was significant 'neverthe]ess, as can be. seen in the compre-

hensive listings of Sect1on 5 of the APPENDIX.

. 5._ Hormal Coordinate Analys1s and Product Rule. " Further support for

the ass1qnments vas sought in the application of normal coord1nate

analysis to the adduct systems. The calculated values for al} frequencies
obtained through an independently conducted norma] coordinate ana1y51s

have been repérted in the appropr1ate tables of foregéing sections. The
same force constant va]ues viere USed in ca]cu!ating the frequencies of

- the deuterated apalogue of each/adduct as had been used in the calculations

~ R
on the pfotonate spec1es. The rather good agreement between observed and



Correlation of common overtone and
for the BX3 (X = 1, Br, 1) adducts

TABLE VI - 7
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combination bands
of phosphina,

PH3BCT3 PH3BBr3 PH3BI3
v, v 2698 cm! 2585 cm~1 2529 em~]
Yy + vy, | 2610 2550 2485
v, - v, 2296 2318 2310
vy - vy, ' 2190 2275 2270
2v, | 1953 1947 1945
2v, 1382 1353 1309
2vy 1455 - 1384 1345
2vy, - 1118 1871 -
Vo by | 647 467 360
TABLE VI - 8
Cdrre?ation of common overtone and combination bands
Jfor the BX3 (X = €1, Br, I) adducts of phosphine-d3.
PD38CI 4 PN4BBr, PD3BI,
v, + v, 2030 cm”! 1930 ] 1879 em-1
vy + v, 1938 1892 1845
Vy = vy, . 1647 1672 1662
vy = vy, - 1625 1638
2v, 1560 1516 1515
2v, ' 1440 - 1330 1 1182
vy © 1250 1287 -
2v,, 880 845 .826
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- calculated va]ues in all six cases lends additional confidence in the

.correctness of the assiqnments
o
/

'The observad and calculated product rule ratios for each member

¥

- of the series, together with the pchent deviation of the experimental

valuefi are listed in Table VI -:9.

TABLE Vi - 9

Praoduct Rule ratios for the PH3BX
-adducts (H = 'H, 24; X = C1, BF, ?)

A MODES - ‘ E MODES
obs  calc  gayiation  obs  calc  gheert,
PHiBCl,  0.518 - 0.504 . 2.77% " 0.400  0.369 - 8.40%
EH3BBr5; 0.521 0.504 3.37% - 0.365 0,363 ///9.511
“PH3BI3  0.516 | Of499_ 3.41% - . 0.382  0.358 6.70%
\ {

A]] calculated ratios ﬁere computed on the basis of the individual

\

ca]culated values reported in Tables VI - 4, VI - 5, and VI - 6, us1nq
the relatipnship vp/w,. It 1s_to be noted that the observed product
rule ratio is s]igﬁtly higher in each instance than the calculated ratio.

. This is in accord with expectation since the product rule #atios were not

computed on the oasis of corrected zero-order frequenc1es w, /“h' but

rather with frequencies uncorrected for:anharmon1c1ty. Since the anhar-

monicity factor would have less effect 1n _the case of the adducts con-

" taining the heav¢er isotope. mb - Vp <@y Y and the quotient

vD/vu ‘“D/“H should be shghtiy higher than “’D/“’H' : !

L

w

~

5!
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CHAPTER VII
THE SPECTROSCOPIC INVESTIGATION -~ A REVIEW

“Each of the nuclear maqnet1c resonance studies of the phosphine
borane adducts tontr1buted untquely to the investigation of this
particular group of compounds, Proton n.m.r, data were probably the
most useful and comprehens1ve source of 1nformat10n in evaluating adduct
nroperties. This 15 a consequence of ‘a comb1nation of various factors,
The relatively high sensit1v1ty of the proton to magnetic effects com-
pensated tor the very low solubility of the adducts, Furthermore the

@phOSph1ne bases employed in ‘this investigation, unlike several other
donor molecules, all contain hydrogen directly attached to the atom
through which coordinatfon occurs. Consequently, changes in the ?H
n.m.r, parameters were very much more pronounced than when hydrogen is
lTocated at a position one atom removed.from the bonding site. This con-
stituted a smgnif1cant advantage over those studies in wh1ch for example,
the chem1ca1 shifts of protons of methy] groups are 1nvest1gated re]atfve'
to adduct format1on In the latter case the chanqe in 6 is generally
within 1 p.p.m. whereas in the phosphine adducts Ad, rﬁnges from >5 to
>1 p.p.m., thereby providing a clearer index in eva]uating relative
acceptor ability of Lewis acids. This takes on.added s1qn1f1cance in

. the case of smali changes 1n the boron acceptor, as occurs in the case
of mixed substltuents on boron. Add1tiona1 advantage lay.in the maqnet1c
spin valye of the phosphorus nuc]eus. where T, 'Thus direct phos-

phorus-hydrogen coupling constangi could be readily evaluated, The - N

~166~
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magnitude of J,, also served as an indicator of relative acceptor acid-
~{ities. The onder of a&ioity obtained on the basis of Jpy values agrees
well with thatfderived from *H chemical shift parameters, and both are
in agreement with that ootained through other studies.

The eftects of adduct formation on chemical shift and coupling
constant are related to two dominant changes in the molecular condition
of the dono species, Downfield trends in chemical shift reflect a
drift of ch}&ge awav from the hydrogen atoms and toward the acceptor
moiety. Increased magnitude -of the phosphorus- hydrogen coupling con-
stant reflects chanqes\in the HPH bond angle which is essentially re-
]ated to the hybridization state of the phosphorus bonding orbitals,

Thus both G‘H and Jp,, served as good indicators of the acid properties

of the acceptor molecule by mirroring its effect; on the phosphine

donor. The variation in both these parame{e:;qoiﬁ not however serve as .
8 useful guide in assessing relative orders of basicity toward a given

. acceptor. Neverthe]ess,‘it might be expected that these same parameters

apropos the '8 nucleus could furnish such a device.

The reduced sensitivity of the "B nucleus {16.5% that of"H)]

added to the difficulty of this investigation 51nce the solubility of.

the comp]exes could in N0 way be enhanced. A]l '8 chemical shi¥ts of

I

Targe magnitude were found to be in a directiom opposite to that in the
" and *'P spectra and hence gave evidence of the expected shielding of

the acceptor species upon adduct formation. Lesser changes in chemical

X

~shift within a donor series relative to one acceptor did not paraiie]

AT

those of the same serfés relative to a different acceptor, This some-

‘
!

T
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vhat erratic behav10r precl ded the use of ''B chemical sh1ft values in
se]ectlve]y order1ng the Lewis bases according to donor strength.

' - As in the H n.m.r. spectra, the nuclear spin of the phosphorus
nucleus is the cause %;lsp1n spin splitting in the!lp spectra ~ Unfortun-
ately. the magnitude of JPB is affected by two opposing phenomena: (T) a
decrease in the s-character of the phosphorus “lone pair® orh1ta1 upon
coofdination, and (2) a concom1tant increase in the s- character of the
acceptor orbital of boron. A]though other factors in add1tion to the
’ extent of s-character in the nhosphorus boron bond-may contribute to the
magn1tude of JpB, the Fermi contact term probably rema1ns an important
element 1n the spin-spin 1nteract1on Consequent]y, the oppos1nq
- changes in the s-character of the. donor and acceptor bonding orbitals

probably have a s1gn1f1cant effect on the resultant valye of JPB- These
opoosing trends limit the predictiae utility of JPB in assess1ng various

chemical properties such as P- B bond strenqgth and donor basicity.

Solubility difficulties 1mposed the greatest I1mitat10n on the
Mp ponLr, investigation since the magnetic sensitivity of the f‘P
nucleus is only 6.6% that of lH Downfield changes of large magnitude
were observed in the chemical sh1ga of the phosphorus rescnance upon
adduct format1bn.'4Undoubtedlv, the drift of charge from phosphorus to
boron contributes. to this Qeshieldinq. bet-the recoqnized sensitivity of
S,,;'to bond anq}e changes around phosphorus makes it difficult to de-
termine the extent to which each factor contributes.to the destie]dtng.
Hhen the JPH values obtaineq'from the ’fP investigation are compared

with those of the !4 n.m.r. study a fairly qood agreement is observed.

L)
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The much smaller magnitude of "Jpg was not resolvable from the rather
broad-resonance peaks of the 3!p spectra.

/ .
.Conceptually, the **F investigation might be envisioned as ana-

lonous to the 'H n.m.r, study tn,that fluorine is dfrect]y bonded to an_
atom through whicl coordination occurs. To 2 small but limited extent
this idea was seen to have some validity. Thus, the chemical shift of '
the fluorine atom is observed to 1ncroase in an order which may parallel
the increasina basicity of the donor. However, the general instability
of the adducts and the lack of an independently determined order of
donor basicjty made it difficult to evaluate the reliability of this
index. Althouch the direct coupling constant, JBF' and the indirect
constant Jpps were likewise of little help in estahlishing orders of
basicity, they did provide an interesting study of other factors affect-
ing the hypeffine interaction. Apoorently. in the BF5 adducts of the;
:various phosphines, two prcesses are at work which both contribute to
the loss of Jgg. In mdst of the adducts investigated JBF is not observed
because nuclear quadrupo]e reTaxat1on effects .result in an aueraging of
the four boron spin states such that no sp]1tt1ng of the f]uorlne
resonante 51gna1 is observed 0n1y in the case of d1methylphosphine
boron trifluoride is JBF mawnta1ned over a conSIderabTe temperature
ranqe, In this adduct both JBF and JPBF are lost at a reTat1ve1y high
temperature and nearly s1mu1taneous]y The process at wonkfin this case

.‘.

is chemical rather than nuclear -- an exchange phenomenon 1nvo]v1ng the

making and hreaking of either the P-B or B- F honds. or perhaps both,

v
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Just as changes in the maqnltude of JPH served a better quide
to est1mat1ng the relat1ve strengths of the P-B bond than corresponding
chanqes 1n JPB- so also in the v1brattona] spectroscopic 1nvestigat1on.
changes in the PH3 stretch1nq frequenc1es served as a better criterion
of P-B bond strength than changes in P-B stretchlng frequenc1es. Hh11e
the Iatter were often obscured by overlapp1ng bands and coupled w1th
other fundamentals, the former exhibited a gradual progress1on to lower
frequehc1es as the adduct increased in stability. _

of spec1al note, however, in th1s phase of the work are the s
ass1qnments given for the various fundamental vihrations of the adducts.
As this work was being wr1tten a report apoeared concerninq the vibra-
tional spectrum of PH3BC]3. Both 1nfrared and Raman stud1es were
carried out on the so]1d adducts. The ass1gnments ‘made in the report

agreed on]y in part with those of this 1nvest1gat1on The dlvergent

assignments are recorded below,

. ~ »
' -

'} TABLE VIT - 1

-

The PH4 and BK deformat1on modes (cm ‘) in PHLBCY
(H = M} ?H) as ass:qned in two d1fferent Inves iga%tons.

This York - " Durig et al,?
PHIBCT3 — PDSBCT; PHBCY;  PDSBCT,
V2, PHy sym def - 9g5 - . 5785 1052 770
Ve, PHy asym;def 1059 774 o977 h 634
Vs, BX3 sym def | 254 249" 240 © 240
Vi1sBX3 asym def 242 238 - 250 250
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The assignments made by Durig and co-workers are those which might be
expected on the basis of band intensities or in terms of a usual'
rdering of asymmetr1c and symmetric modes. The limitations of both
toese criteria relative to the phosph1ne boron trlhallde adducts are
discussed at some length in Chapter YI. Only in this work were po]arI-
zation studies carried out on solutions of all three adducts and their
deuterated analogues. The assignments listed in Table VII - 1 are in
keep1nq with the results of the polarization investigation, The good
aqreement between observed frequency values and those calculated on the

abas1s of a norma1 , coordinate analysis study helped conf1rm those assign-

ments which were left in doubt by ambiquous polarization measurement.

Durinn the course of thisg work several attempts were made to

—

measure the lifetime of the p.B bond in the exchange processes associated

with the adduct systems- by utillzing n.m.r. methods, S1m11ar 1nvesti-

’qat1ons have been reported for adducts of acetonitrile and boron tri-

hatides,? tr1methylam1ne and BMes and BH3.“ and'trimethylphosphine with

BMe3.5 Investigations of this type in wh1ch the l1fet1me of the P-8 bond
£

-in the exchange process DA 2 Df' + A is measured as a function of

temperature can be used to- assess the act1vat10n energy of the particular

bond maklnq - bond breaking process. The quant1tat1ve 1nformation thus

obta1ned can be employed to est1ﬁate orders of adduct stab1ltty, and
\ : .

donor or acceptor strength.

L]

he procedure employed in these experlments is relatively s1mple.

A" known molar quant1ty of adduct is dlssolved in a suitable inert so]vent

A measured mo]ar quantity of either excess acid or base 1s .then added,



The concentrations of both the adduct and the €xcess reactant must be
known with as much precision as possible, The resonance peaks of each
‘species are located atd1fferent pos1t1ons in the n.m.r, spectrum. Under‘
conditions of exchange, however, vihen thefrate of exchange between the
two spec1es_js-suff1c1ent]y rapid the respect1ve resonance siqgnals will
no ]onqer be distinct but wil] coalesce, THs behavipr is quantitatively
expressed by the’ approximate equation:

o r(v - vB) 3 L B
The differente. YA = Vg COrresponds to the separation of the resonance
s1gnals (measured ‘in Hz) and 1 represents the smallest time for which -
‘the two’ separate states of adduct and excess reactant can be dtst1ngu1sh-
ed. The inverse of this 11fet1me 1/t, is the flrst-order rate con-

stant of the exchange process. Thus, with the relation:

1 YA . W
T Z f !

1t becomes possible to obtain the f1rst order rate constant in terms of
the width of the coalesced peak at half—he1qht This, of course. will
vary with temperature. thereby providjng a means of determ1n1ng the -;5‘)
~ first-order rate constant as a function of temperature. The Arrhenius
act1vat1on energy is obtained by plotting 1/7¢ against the 1nverse Kelvin
temperature, “" Since donor-acceptor bond lifet1mes are also function—
'athies of concentrat1on it is 1mportant that a]l concentrat1on data be
known as precisely as possible. ‘ l

From the forego1ng it becomes apparent that certaln experimental
requ1rements must be met if meaningfu? results are to be obta1ned from

a study of this type. The solvent emp]oyed must be inert ‘toward both
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adduct and excess reactant so that only exchange processes between the )
two will affect peak contours E)The adduct, if a solid, must be sufficient-
1y soluble even at Tow temperétures so that a precisely knownrmo]ar
quantity of it will remain in a solution of accurately measuréd volume
The excess reactant must have similar solubility characteristics and
must have a sufficiently low vapor pressure to justify the assumption
that virtually all of it remaihs in the solution at the operating
temperatures,

In the phosphine borane adducts 1t quite difficult to satisfy
these requirements. 0Of al) the so]vent&tested methyl iodide s best
able to dissolve the adducts., Howqyer. as 1ndicated earlier, this sol-
vent reacts readily with the free phosphine donor. - In a room temperature
investigation of methyl iodide with phenylphosphine, for examp]e the
phosphorus proton resonance peaks ‘disappeared w1th1n 15 m1nutes. Ben-
zene Ieaves phenylphosph1ne unaffected for 1ndef1n1te periods, but the
adducts are not suff1c1eqt]yrsolub1e in this solvent. A possible so]vent
system which requires additiona] study is iodobenzene., A preliminary
1nvest1qat1on of its effects on free phenyTphosph1ne showed that the
free base remained 1ntact for nearly 30 minutes at room temperature

The ab111ty of jodobenzene to serve as a suff1c1ently good solvent

. remains to be determ1ned Of the various phOSph1ne bases, phenylphos-

phine seems best su1ted for the study because of its ]ow vapor pressuyre,
Furthermore. the ’H and AF nLm.r. investiqations showed that the phenyl—h

phosphine adducts were most similar to those of phosphine itself: 1n/

terms of stability with respect to dlssociation and exchange, Hence,

g
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if activation energies for exchange mechanism of adducts of this base
are obtained, reasonable estimates for those of the phosph1ne adducts

themselves might be made, : ’:. . ’dﬁ/

In Chapter 1 brief mention wa§ made regarding the continuing
discussion concerning the extent of ibnicity in the donor-acceptor
bond of typical 1:1 molecular adducts, The dégree to which electron
transfer takes place between the bond1ng atoms should have a direct -
effect upon the manner in which the valence. electrons of halogen atoms
bonded to boron occupy the hybrid orb1tals through Nh]Ch bonding occurs.
Nuclear quadrupole resonance techniques may be suitable for investi-
gating the properties of the boron-halogen bond and the changes which
occur in those propertigs upon adduct farmation. ' Since n.q.r. studies
can be carried out on the sglid adducts,rno search for a suitable
solvent is required, and this would indged.be a réfreshinq chanéﬁ.

\

Y
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SECTION 1

-

EXPERIMENTAL PROCEDURES

A bEXPERIMENTAL TECHNIQuES - -

Several of the compounds used .in th1s 1nvestlgat1on are sens1t1ve

to elther oxygen or m01sture or. both It was necessary therefore that -
. B

[

these be man1pu]ated in a closed system. Such a system. is Drovided by

' the standard pyrex-glass vacuum line described below. Where certain off-

k

1ine procedures were'requ1red, manipulation of chemicals and equipment
was effected.in a nitrogen-filled dry box. The tox1c1ty and offensive
odors of. some of the compounds used or synthesized also required the
employment of a closed system as well as careful hand]1nq.

* -r. . . - ’

o

1. The Vacuum System, A standard h1gh -vacuum line such as that des-

cribed by Shriver! or Jolly a:]owed Tor the nost eff1c1ent hand11ng of

- small qaseous samp]es A system*of four manifolds, each 1ndependent1y

attached to a manometer. was Jo1ned to a centra] man1fo1d This ' 1h turn

was connected to a mechan1ca] two- staqe forepump working in congunct1on

J

with an,on -line mercury diffusion’ pump and a liquid n1trogen tr&p

“ system. The’ vacuum of the ent1re system was monitored by means of a

Pirani gqauge.®“ Each manifold was eqquped w1th a“series of taps endlng
1n MS 19 ba]l and-socket Jo1nts. The manzfo]ds were connected in pairs

by means’of removable.U-trap serles. The trap system permi tted the

fco11ect1on of react1on products as well as trap-to-trap dlStl]]dthﬂ
'-procedures,///gach trap of the four-unit series could be isolated from )

. . the athers, One man1fo]d of each ‘patr was equ1pped w1th grease]ess taps
e .

AY
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" {West- r]ass Corp.. Cleveland, Oh.. 4 mm, ) fOr use in those operatlons ’

: where the p0551b111tv of chem1ca1 attack prohibited the yse of the

typical qreased h1qh vacuuR taps. Ap1ezon M or N grease was used on

all standard ground g]ass stopcocks. "The volume of each manifold was

'determ1ned in a manner similar to that described by Rondeau* and this

Denn1tted a quantitative est1mat10n of mater1als adm1tted to the line

in terms of manometer readings (ever ]0 cm, approx1mate]y T mmole),

R
»

2. Purification of Reagents and Startinq Hateria]s. Whenever required,

purification ‘of solvents and reactants was effected by means of trap-to-
trap distillation. - Choice of slush bath temperature cou]d generally be

made on the bas1s of known or est1mated melting points, 'Jol]y"provides

. a hé?pful gu1de in the cho1ce of slush bath in terms of melting point.

Ta%le | Tists the sTush baths and temperatures used in this investi-

- qation,
| TABLE 1 -1, |
: A listing of slush bath.components and temperatures
Bath . ~ Temperature, O Bath Temperature, OC
. ) . ‘
Ice - water ©0 . l-bromobutane® -12 \
—'carben tetrachloride” <23 . methyl cyclohexane® -126 '
- * . : * . ) .
chlorobenzene ~ -45 isopentane =161
anl-‘acetone : -78 liquid nitrogen -196
“toluene* L 96

A materials marked with an asterisk were mixed with 1iquid nitrogen
to bring them to thE\freeZIng point, .

. . ol S
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1s. Choice of taps for storage and re-

7. -3, 'Reaction and Storage Vesse

.action vessel? was governed by experimental conditions and by the nature

‘of the material® involved. In all experimental descripfions. reaction

—

- ~ and storane vessels are referred to by letter identificafion. "The fol]owQ

\
N

inq schematic providesithe identification needed to clarify any protédura]

- description.

&

(A) 500 ml round bottom flask, ¥ 24 - 40
equipped with tipping tube (as in the

A BZHG_preparationg or dropping funnel
- (as™in the PD} preparation).

. ..
4 -
‘ }

'/__‘—._“-l)

(B) Used for stordge and reactions. Teflon-
glass tap (Quickfit Corp., Stratfordshire,
Eng.} Rotaflo 2/18. Used in reactions
where internal pressure slightly
exceeded atmospheric, _Good for storage
.cf reagents which attack vacuum grease,

i 7,,f ' . for example, BC13.

&t - . -

(C} Reaction vessel of same tap design as (B).
Side arm joined to n.m.r. tube for trans-
-~ fer of reaction products prior-to seal-
off. Arm is packed with glass wool to
e serve as a filter during transfer of
' solutfons, Sufficient space must be
allowed between the n.m.r. tube and the .
side of the reaction vessel to permit
placing a dewar vessel around one portion
exclusive of the other.
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L *

X (D) M.m.r. tube with constriction for seal-
off connected to vacuum line Ms 19 =
fitting. Tap may be greased ground
glass or greaseless, d pending upon re-
action requirements. ésed in reactions
involving adduct formation between
gaseous reactants. Tube is pictured
containin? éxternal reference capillary
as‘in the'!B and *'P studies, -

» ,

o : (E) MH.m.r. tube with constriction joined to- <
- 310 - 19 female joint. Used when Sub-
stances were added ‘to n.m.r. tube prior
to attachment to the vacuum line. Male
10 - 19 vas Jjoined to greaseless tap

G. Springham and Co., Harrow, Eng.)

iton A diaphragm,

I

Il

FI (F) Dravm tube to capillary size uséd for
’ collecting small amounts of condensible
- gases for n.m.r. analysis. - Seal-off-
- position is indicated by arrow between
5-7cm frog‘bottom; o.d. ca., 2 m,
TN

i
. . . |
B i
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(G) .Storage vessel for gases such as PHY
Volume 1 liter to 250 m),
- CEOICE of tap is dependent upon the
« nature of the materia) stored.. ——

Fa

B. INSTRUMENTAL TECANIQUES
\

1. Huclear Magnetic Resonance, "Securﬁng thd\gggnetic spectra. of four
different nuclei reqdfred significantly different operating conditons of

the instrument. These are tabulated in Table 1 - 2,

L]

A1l H n.m.r. spectra were obtained on a JEOL C60HL high resolution
sp;ctrometer operattnq nt 60MHz, Tetramethylsilane.was ussn as internal
standard for al) adduct spectra External TMS was emb]o;na for the
spectra of 11qu1f1ed 9as samples in capillary tubes, Type F, Adducts
were dissolved in appropriate solvent and the solutions were frozenaprlor
to sealing the tube with a torch while still connected to the vacuum line,
The instrument was per1odical]y calibrated aga1nst a mixture of TMS and

ethylbenzane. Scale settings of 9 x k. x 1, x2, and x 10 were checked

using T standard calibrating meture. The normal scale setting was

-

. The seven-component mixture in CCl, consists of different percentages
of chloroform, methylene chlonde, 1,1,1- tnchlo ethane, p- dloxanc.
acetone, cyclohcxana, and TMS, 1'3
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9 x 2 p.p.m. Temperatures wereiregulated using a'JES—VT-3.temperature
controller modifiedlto function between +200 and =150°, Occasional
cal1brat;on checks of the thermocoup]e were made using a Jow temperature .
thermometer inserted into ‘the probe, Hhen a precision of +19C was re-
qu1red the 1nstrument was calibrated, using a methanol sample and the E
-calibration curves of Van Geet.” Temperatures were varied from H?OOC
to -909C ' L A _ | D
A1l B spectra were recorded on addects contained in sealed tubes
at 19.25 'z with EtZOBFl servin as external referente. 0On ocass1on
trimethoxyboron, B(OMe)B, was emp]oyed as external reference. Instrument

calibration on the 9 x 1p P.p. m sca]e was ef?ected by means of a mixture

of the two references one” external to the other. Calibration was also

(=4
s

:"-L
checked by compar1nq chemical shifts and JpB data of known compounds,

for examp]e,/ﬁeZPHBH3.' with uhe recorded spectrum. CHjI was used as

. solvent for(the adduct systems. The low solub1]1tv of these species

severely reduced the 1ntensity of the ''B resonance peaks. Removal of

the reference capiliary partially overcame this difficulty and aliowed

. for a more precise measurement of coupling constants. Removal was im-

_plemented by inverting the sealed tube and t_:; carefully returning it

to its original position in the probe,. leaving the capillary in the

upper portion of the non-spinning tube and out of the magnet%c field. .

Temperature was varied from +250C to -300C. At temperatures lower than

~309C peak broadening became so great as to severely limit the ut111ty

~ of the spectra.

4
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The 1p Spectra'were recorded on adducts contained in sealed ,
tubes at 24.29 ’Hz. Phosphorus oxych]ortde, POC1 3 in small cap1113c¥\\
tubes was used as external standard. The 300 p.p.m. scale was ca11brated

by comparing Jpy values agalnst the Jpy values of the same compound

obtained from 'H n.m.r. Additional calibration of the 300 p.p.m.

. scale was effected in 1t;use during the '*F investigation. CH3I vas

the solvent for a]] systems and the same method of capillary removal was
employed as in the !B study. Temperatures were varied from +250C to
-200¢; .

—

\
‘A1l '°F spectra af the various BF3 adducts were recorded on

solut1on samp!es in sealed‘tubes at 56.45 MHz. F]uorotrich]oromethane.
CC13F, was used as -internal reference. with scale setting at 300 P.p.m.
Calibration was effected using a mixture of CC13F and tr1f1uoroacetic
acid- d] (TFA) by checking the correspondence between the 9 x 10 p.p.m,
scale and the 300 p.p.m." scale. CHéClz was ‘employed as solvent because
of the greater solubility of the BF3 Complexes, -This permitted record-

ing the spectra fran+259C to as low as -90°C,

2. Raman Spectre. Raman spectra vere recorded on solid samples -in

i

thin-walled g]ass tubds similar to Type E with a constriction for torch
sealing located about 5 em from the bottom. A SpectraPhysics Model .700
Raman Spectrophotometer was used in conjunction with\a Hode] 164‘Argon-
ion laser and a Model 265 Exciter Unit. A typ1ca1 power output was g
varied between 100 and 300 milliwatts; the 20492 em-1 11ne was employed

as the exciting frequency. Prior to use the instrument was corrected
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to zéro wave'numbers and. checked égainst_the spectrum of CCi4’ for
precision and po]arization eff1c1ency.

Polar1zat10n data was secured using CH3I and CHZCI2 solution pf
the adducts in capped solution cel]s. The low solubility of the adducts
requ1red high 1nstrument ga1ns and laser output between 300 and 790" mw,

Slit apertures, scan rates and scale settings were var1ed as cond1t1ons
,P-

required, -~

3. Infrared Spectra, The infrared spectra were pbtained on a Beckman’
IR 12 spectrophotometer from 200 em-! to 4000 em=1, CsT péllets and
~Nujol mulls petween Csl p]atcs were used'for solid samples. Typical KBr
solution cells were used for CH3I'aﬁd CHZCIg.solution'spectra The
Spectrometer calibration was periodically checked against the nN27 A cm']
:}60] 4 e} » ‘and 1028, 0 cm -1 bands of the polystyrene spectrum

Spectra of gaseous samples were recarded in typical gas sample

. cells, lOrcm in length with KBr p]ates.

&

' C. PREPARATIONS '

1. Phosphine-d,, PD4. Phosphorus tryth]or1de (Anachemla Toronto) was

reduced with lithium aluminum deuteride following the method of
Schlesinqer and co-workers 10

3LIAND,  + 4PC1 —&& 4 PD3 -+ 3 AICI, + 3 Licl.

The”Leaction was carr1ed out in a 250 ml react1on vessel (A) equ1pped
with stirring bar and droppInq funnel After evaCUat1ng the system,
2.0 cc PC13 in 10 ml of dry diqume (diethyleneglycol methyl ethr) was

allowed to drip slowly on to a vigorously stirred slurry of 1 g LiAlDy .«

-~
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(Alpha Inorqanics‘ Beverly, MassJ in 50 ml of dry dlglyme Every‘half

minute the vesse](was opened to the trap system at -196%¢ until all but'

a small quantity of PC]3 solution had been added. Distillation of the

product through a trap at -12663 yielded pure PD3 in the -196%C trap,

I'ts infrared spectrum was 1dent1ca1 with the reported spectrum 1 Y1elds

-were between 60 - 70~. PD3 v1as stored at room temperaﬁure in vessel G -

MWith greased tap.-

2. 'Methylphosphine and Hethvl-dq:phosphine, CH3PH, and CD,PH,.

Employing a modi fied procedure of Jol]y b2 potass1um hydroxide powder .
(60 g, Fisher, ‘AR, Toronto) was placed in reaction vessel (A) equ1pped
with an eff1c1ent stirring mechanism and a dropp1ng funnel Eighty ml

dimethy] sulfoxide ‘was "added to make a slurry. All Jjoints were greased

1 .
with Dow Corning silicone grease. The system was thoroughly evacuated

and the flask isolated from the lira. Pyre phosphine (Hatheson, Ahitby,

Ont ) was admitted to thezT?ne in a measured quantity and then allowed

S
to'react with the KOH s!urry. Consumption of PH3 vias’ fo]lowed by -

observing tie manometer-and by the qrowing. 1ntensity of the yel]ow

ion that accompanies the formation of the PHZ‘ ton. When the
first portlon of PH had been comsumed the flask was again lsolated

another measured amount of gas was admitted to the 11ne and the pro-

" cedure Tepeated unt1] 24 mmole of PH3 had reacted A solution of 4 ml -

CH3I and. 20 m} DJSO was added to the dropping funnel and the system was
again evacuated. The flask was closed, ahout. 1 m} of the so]ution was

added. After } minute the flask was opened to 3 trap system at -780c

~and ~1969¢, The process was repeated until all but a smal} quant1ty of -
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< > , . . o
so]ut%bn had been added from the dropping funne], Jecoloration marks .

the end point of the'reaction,-but it is bESt to stop just a bit before

the system goes completely colorless,

tents of the -196%C trap were repeatedly distilled through a system at
| 96%C, 126, and--1969C, ‘he _1pgoc Product was retained, v

For methy]-d3—phosphfﬁé. CD3I (Stohler Isotope Chemicals, Mont-

N.m.r. analysis, 14,15 The n,m.r, spectrum of CD3PH2 indicated ca, 4%
methyl, proton imburity, A yie]q of 7% wasg tvpical, The gases were

Stored at -196°C in yesse] (6) with greased taps. o

B Dimeth¥iphosphine and dimethy]-dﬁ:phosphfne, (CquePH and (CDa!Zfﬂ.

1'A preparation analogous to that usedqfor the monysubstityteq phosphine

) was é;ployed.’ 6 The original charge of CH3I solution was added to thg
tlosed system rapidly {(within the sp&ce of one minute) except for.a
small amount which myst be retained in the dropbing:funne]. (Decolor-
ation should ensue; the flask may be opened to the line if a4 positive
pfessure build-up is feared, An'adxilfiry m;%ometer dire;tly connected .

to the flask is recommended so that pressuré'increments-caQ be readily

slurry for 1 - » hours . wi-th constapt stirrina, The second deprotonation
was accompanied by the appearance of the blue-qreen Mepy- fon, When

most of the gas had reacted the system was‘eVacuated and a second charge

™,

e e
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't on was added in- the step-w1se manner of the previous .
4

The contents of. the -196°C “trap were d1sti11ed through -

at- 95°c -125°c, and -IQGOC That of the -969C trap was ';
reta'ned. The dimethy]phosph1ne was kept at 0°C in the trap for 1 hour
to perm1t the conversion ‘of any CH3I 1nto the the non-vo]at11e. ”e3PHI 16
///The pur1ty of the compéynds was checkedtaga1nst the pub11shed dinfrared!?

-3)2pH 1nd1cated ‘a "_ /\ —

-]mv_deqree of methquproton impurity o Y1eld were .qenerally low; be-

(s
. and n.m. r. spectra 1515 THa N.m.r. Spectrum of

tween 25 - 35 based nn PH3 _The_qases we e-stored in vessel (n) with

e

qreased tans ' .

4.y Hydrogen Ioddde, HI.  Althouah HI may be obtained by pumping on

hvdriodic acid, it can be qu1ck]y and eff1c1ent1y prepared by the
method outllne by Vogel,!® A 250 ml (A) reaction vessel with stirring.
“bar and fitted w1th a droppinq funnel was charqed w1th 10 q of red
phosphorus (Fisher), The adapter }o the vacuum line was plugged with
glass wool to reduce contaanation of the Tine by 1odine vapor. The
. system was EVacuated and a solutinn consfsting of 4 q Todine and 8 g
hydriodic ac1d (ca 5 m] AnachemTa) was added dropwise The reactfon
occurred at room temperature and HI was co?]ected 1n a pure state at : 4

5195°c after first Passing through traps at -239 ang -780¢,

;5. Diboranel BZ_S In a modified procedure of weiss and Shapiro 14
2.5 g of solid potassium borohydride (ATﬁha Inorqanfcs) was slowly added
to 175 ml of 96 Hp504. A reaction vess (A), fitted with tippinq tube

and efficient stirring mechanism was used, The adapter leadinq to the



vacuum Iine was p]qued with qlass wool to prevent undue contam1nat1on

- of the Yine with po]ymeric boron hydpfdes After thorough evacuat1dn

-

and w1th the svsteﬁlopen to the traps, diborane was co]lected at ]96°C

and 1mpur1ties retained at 78°C The hydrogen s 1mu1¢aneously produced

Lad

was momitored and periodically pumoec orF through the trap system, . Re-

actfon temperatures near 0°C favored higher y1e1ds. "The product was

tfllinq the materlal tnrough a trap at 126 C \ The Droduct s checPed
for pur1ty by 1nfrared spectroscopy 20 qu]ds varied between 40 and 50%

_depend1nq on the. dryness of the H2504 leorane was stored 1n vesseﬂ
(6) with qreased taps. ' . = :

rd - S : .
) . . )- » ’ : Y

6. Honobromodiborane B,Hi__ Ina mod1f1catfon of prey1ous procedures

-

ratio of 5 2 and set at 0°C for three_hours 212z “ppo cohtents were
then passed through traps at -78%¢, -126°c and -196°C BoHcBr was'
retained in the L126°C trap while the contedts of the other two were .

;returned,to the reaction vesse] The process was repeated several t1mes

until ﬁearlv total conversion had been realized/ ' CT j
585 + 2 Bry SLoepuar (0

w

The crude materia] was separatéd from traces pf dibromoborane, BHBrZ, by';

_ repeated disti]]ation through a trap at -960¢; The infrared spectrumz’

as well as the H and "B spectraz“ uere used to " ascertain purity The

'product was kept at -196°C in’ storaqe vesse] (B) Yields of 80% were

typical. : P fﬁ\\\\ . a ST ;

(‘
e
s
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7. Hono1odod1borane _BH 1. Ditorane and hydronen 1od1de25 26 vere

d1st1]1ed into reaction vessel (B) at’-196°C in a 7: 5 ratio, After 10
hours at 0°C the progress of the reaction was mon1tored in terms of the
“amount of hydrogen present®at -IQGQE The reaction was periodica]ly '

m0n1tored over a space of 3 days, u]th the HZ being removed each time,

until a nearly stoichiometric quant1ty nf Ho had been produced according

to the "equation: - y
~ e
‘ 0-C ;
BZHG‘ +. H} ; -———f . BZHSI + H

2
Initially .the reaction wasfaccompan1ed by. extensive discoloration,
- probably due to the format1on of elemental 1od1ne. With passage of time

-the contents went nearly co]urless Dwst1l]atioq throuah trabs at 0°c,

-78°C, and -196°C yielded B2H5! at -78°C. Other materials werb discard-

ed. The 1nfrared soectrum of the compound COrresponded with that previously

published.? © Y1e]ds ran between 40 and 50% based on HI. BoHel was re- )

ta1ned at ]96°C in storage vessel {B),

D. COHHEQCIALLY OBTAINED STARTINP HATERIALS

' 1. Phosph1ne 953‘\ Connerc1a]]y produced phosph1ne (Matheson) was

purlf1ed before use by distillation through a trap at 126°C Its infra-
red spectrum27 was identical with that of the pure materia] It was

stored at room temperature in vessel (R) with gqreased tap,

2. Pﬁénylbhosnhine; CeHePH,.  Commercially obﬁained'phenylphosphine.
PhPHy, (Research nﬁqanics/lnoﬁaanics' Hil]side,'N J.) was used without

- further puiification. It was stored in a corked 25 m] erlenmeyer flask

which, “in turn, was p]aced in a wide-mouth specimen bottle with p]astic’ii?“
e : l/ .‘;‘l

A
b

,%

T
i
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cao. The material was stored under refrigeration, It is flammable in

air and ha&\d very offensive odor, It must always be handlequjﬁ"h ‘

nitrogen-filled dry-box.- ",

3. D1pheny]phosph1ne (C 'S)ZPH PhZPH was obtained trom the same - -

source as phenylph sphrne it was stored and handled in simitar fashion,
Qs .

4, ﬂxﬁroqen Ch]oride. HCI‘ Commercia? hydrogen chlorlde from small

“

lecture bottles (Hatheson} vwas transferred dlrectly into |storage. vessel

(r) via the vacuum line, HC] (9) can also be very conveniently obtained
by pump1nq oh concentrated hydrochloric -acid in vesse] {A) attached to
- the vacuum llne Pumping throuqh a trap system of -769C and three -]96°C

- units vields a 1arqe quantity of pure HC] in a short time,
jiﬁb_zdroqen Bromide, HBr Commercial hvdrogen bromide (“atheson) vias

"= transferred in the vacuum line- through a trap -126°C into a storage

A

vessel (G} with. greased stopcock, e - v

3

6. Boron Trifluoride, BF3.  The commercial product (Hatheson) was
stored at room temperature in vassel (6) with qreaseless tap, Hhen

‘ &

-necessary, the qas was d1sti11ed through a trap at -960c,2® The infra-

red:spectrum of the materia] vhich col]ected at -196°C checked with that

of the pure material, ?? : -

7. Boron.frichlonide, B§_3 Cormercial BC13 (Matheson) was distilled

on the vacuum line at -780C, -1120C, and ~196°C. The -1120¢ fraction
was retained and’ stored in vessel {B) with greaseless tap. When necessary

the material was redistilled prior to use.®® The infrared spectrum was

A Y
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!

fdentical to that of the pure material.?!

. 1

\

8. Boron Tribromide, ,-58r3.  Boron tr1bromide (A]pha Inorqanlcs) was

d1st1f1ed through traps at -45°c -=78%C, and -196°C; The -780C fraction
was retained and stored in Vessel (B). _R%d1st111ation was carried out

‘when requ1red The. infrared spectrun was checked aga1nst that of the

pure materijal,??

-9, Boron Triiodide, HI3 . The cmnnerc1a1]v obtained, white, crystalline

compound (Alpha Inorganlcs) was stored in small capped vials under
refr1geret1on. Prior to use, théﬁrequis1te amount of BI3 was transferred
to a small vial under moisture-free conditions. Benzene and a trace of
elementa] mercury were added. Agitation of the BI3 solution with dq
removed whatever free iodine wae hresent.' The solution was decanted and

- used immediately. Mo further purity checks were made, ~

.‘v“

SOLVENTS ., . _i IR ,) .

1. Methyl Iodide, CH;L, Although methyl iodide was used in certain '

methylation procedures, its main function in Eh1s research was as solvent
for the adduct systems. Analytical grade CH3I (Fisher) was transferred
to small {8) storage vessels and was disti]led from then on the vacuum
line when needed. A small piece of elemental copper was placed in the .
vessel to inhibit decomposition and the solvent. was general]v stored. in
_darkness when not in use. Raman, infrared and n.m.r. spectra were run
on liquid samples. These were used for reference purposes durinq-the

- investigation; -

(43
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2. Hethv]-dq:lodidg, €041, As1de from certain methylat1on reactions,

this material served mainly as solvent in the 'H n.m.r. study of the
-

PH3BX3 and MePH28X3 series The n.m.r. _peak height attributable to the
<1% H lmpurity (Stohler) aIded in estwmat1nq the extent of adduct

solub1l1tv. It was handled in the same fashion as described for CH3I.
. Y

\

3. Methylene Chloride, CH,Cl,.  Spectrometric grade methylene chloride
2llp. S

(9. T. Baker, Phillipsburg;, N. J.)} was used as obtained and stored in’
vessel (B). Vhen not in use it was stored in\;Le dark. Raman, infrared,

and n.m.r. spectra were recorded for reference purposes,

4, Benzene, Cglg. ~ Reagent grade benzene (Aldrich, Milwaukee, Wis.) was
used as solvent for the BI3 system, It was taken ag required from the |

oriqginal container,

R

5. D1methvlsu1foxide, (CH 3) 53G.  Peagent grade DMSO was used as

obtained from the commercial supplier (Fishér).

-

6. Diethvlene Glycol Methvl Ether, CH O(CH,) {CH OCH,.  Diglyme,

reagent qrade (Fisher) was stored over sodium prior to use and was

decanted when nekded.



SECTION 2

~

'H NUCLEAR MAGNETIC RESONANCE DATA

THE TEMPERATURE DEPENDENT STUDY

The Phosphine-Boron Trihalide Adducts,

. -The Héthv]phosphine—Boron Trihalide Adducts,

The Dimethylphosphine-Boron Trihalide Adducts,

The Phenvlphbsphine-Boron Trihalide Adducts.

The Nishenylphosphine-Boron Trihalide Adducts.

~194-
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B. APPLICATION OF THE COULSON RELATIONSHIP, 1 + 22" coc g = 0.

1. The Tetrahedral HCH Angle.

cos 1090 52' = -0.3405
‘ A2 = ZH?%ZE§ _= 3 (picbntributinn)
\ _
& 3/4 = 75% p-character

1/4 = 25¢ s-character

- v
2., The HPH Angle in MePH,,

93,4°

8

cos 93.4° = _0,0593

-1 '
2 = ———— ] .8
A -0.0593 6

1/17.8 = s5.5¢ s-character

3. The HPH Angle in MePHBHg.

Y

8 = g9_.g0

cos 99.9° = _0.1719
o= =l . 5g
-0-17]9 .

- 1/6.82 = 18,71 s-character -

s

A

‘FL/



SECTION 3

> HALOGEN REDISTRIBUTION
A
A THE 'H N.M.R. PARAMETERS OF THE MIXED SYSTEMS”

B. THE EQUICHBRIVM .STUDY -- INTEGRATION DATA.,
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SECTION -4 .

MONOIODODIBORANE

Io the coorse of this investigation it became netessary to syn-
thesize the monoiodo derivative of diborane, BoHsI.  Although the com-
pound has long been known having first been reported by Stock and
Pohland,?® it has only been partially characterized to date. In the
~original report a melting pornt of -]10°C and a vapor pressure of 8 cm
|Hg at 0°C were given. The compound was uséd'as a starting_materiol in
a Hurtz-type synthesis with elemental sodiumvto yield BaHyg.

In addition to the original method of preparation, wh1ch was that
followed in this investigation {APPENDIX, Section 1C, 7) other synthetic
routes have been reported.? %> In one of thesh? ‘the infrared spectrum
of the qaseous compound is reproduced and discussed by way of comnarison
with those of BZHSBr and BZHSCT 23 The froquency listings arg not'givén
nor are explicit ass;gnments made, ‘

4 Althdugh substantial Ramam work has been done on the methyl-sub-

ed diboranes, 3"""‘Ino Raman .studies have been reported on any
 BoHsX species (X = =G, Br, I). . ’

_Both M and !B a.m.r. spectra of monobromodiborane have been
pubiished?* but.those'ot the corresponding iodo-compound have not been
reported, ) ‘ | .

Inasmuch as the preparatlon of monoiododiborane was required as
an initial synthetic step in this investigation and since 1t had only
been partially characterized previously. a more thorough study was made

’
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~of this compound. Reported below are the results of a molecylar weight
determination, a Vapor pressure study, the 'H and !B spectral assign-
ments, and the infrared ang Raman spectra together with assignments

f

) . _
based on analogous systems. A

1. Molecular Height Determination, Sincé there had been no previous
rgnbrts of molecular weight deperminations of the'compound, it was -
decided to do this using a method.somewhat similar to that described by
Shriver,? f The volume of the molecular weight bulb was initiél]y cali-
brated using Qyo 9ases of known molecular weiqght (PH3 and GeHg), A
value of 158.,4 + § g/mole was obtained for the molecular weight of

BZHSI. The calculated valge js 153.6 q/mole,

2. Vapor Pressure Stﬁdy. The vapor pressure of thelgas was obtained at -
" four diffgrent temperatures using a small different%al manometer. Since
BoHT exhibits some reactivity toward mercury, the materfal was brought
to -1309C and opened to the pump after each vapor pressure detérminatinn.
In this way any_decémposition productsaformed during the measurement
which were volatile at that temperature (e.q., BoHg) would be removed,
The vapor pressure data are given in Table 4 ~ 1 in a form suitable for
substitution into the modi fied CIausius-ClapéF;on Equation:

log P2 o _8Hy L-m

Py 2.303R N,

i

A nass spectral investigation was also conducted on an AEI MS 10 in-
Strument for the purpose of further confirmation of assignments. Previous
use of the spectrometer had, however, led to contamination by halogens and
exchange processes occurring during the work with BoHeI produced incon-
clusive results. The data from this source have therefore been omitted
from this report.

e | | \\\\\\\\\_— /////

——
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TABLE 4 - 3
A Vapor pressure data for BZHSI
TOC TOK q1 % x 1073 P (mm Hg) log P
-74.5 198.7 5.08 ' 2.0 0,301
-44.0 229.2 4,36 14.0 1.146
-25.0 248.2 4.03 29.5 1.470
0.0 273.2 3.66 88.5 1.947

It is to be noted that the vapor'pressure at 0% is somewhat

higher than that Previously reported and may indicate the presence of

some impuritynalthough a graph of the points yielded a very good straight
line fit. | -
.f1 ;- .

The ‘calculated heat of vaporization, AHv, was found to be 5540
cé]/mnle and the vapor Pressure data for BoHel are summarized by the
equation:

3 .
Tog P (m) = . L—Z-l-_’r(—-]—o_ + 6.3%0

where 1.21 x 103 < aHy/2.303R. The boiling point, T, .. extrapolated
from the above equation is 344,80k = 729C, The Trouton Constant,
AHv/T760 = 16.1 e, u. Thig value is somewhat lower than normal (EE--
-2l e, u.). Low values .for the Trouton'Constant are(qeneral]y observed
in systems of high volatility,?? Since the vapor p;éssure data as well
as the,calculated.boiling point of BoHsI are not those of a highly
volatile matérial. 1t may be that the unstable nature of the compound

produced deviations which led to a somewhat Tow Trouton Constant valye,
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3. The 'H and '8 p.m.r. Spectra.  The 'H and !'g parameters for

A A .
:>B\H;}B;\ are recorded in Tables 4 - 2 and 4 -3, respectively,
I
b

£ . . . '
In each case compbarison is made with the analogous BoHgBr system. The

'H and B n.m.r, sg%ctra are reproduced in Figures 4 - 1 and 4 - 2,

4
respectively, =~
.‘1‘
o ) " TABLE 4 . 2
The 'H nlﬁr-‘gs-%ameters (8 in p.p.m, = 0.1 p.p.m. rela- '
: . - ‘ .
tive to exterFa\ EELWJBH in Hz + 5 Hz) for 8oHgI and BZHSBrf at -400C
D BoHsI ' BoHsB
/8 g 6 - gy
sH° " '
BZ . ~5.22 ~ 168 -4.,98 167
Nx
H:>B -4.00 0 -4,02 140
H .
H - '
b }
87 Dsp- -0.8 (est.) . -1.2 (est) -
\\Hb _ |

The 'H n.m.r. spectrum is quite similar ipn pattern and parameter
values to those of BoHBr.' The resonance of the terminal hydrogen
attached to the boron which bears the iodine atom is sptit into a quar- .
vet by baron (1= %/2), with Jgy = 168 Hz. The chemfcal shift of thic
" multiplet is -5, 22 P.p.m. from external TMS. As might be expected, a
comparison of the chemical shift values of both halide compounds shows

that the resonance of the proton attached to the halide-bearing boron
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atom is most sensitive to substitution. This is good evidencé for the
correctness of the assignment of the low-field quartet, marked "a",

to the resonance of this terminal proton. Additional evidence is pro-
vided by comparing relative peak areas of different quaftet members, al-
thouqgh some difficulty due to overlapping peaks is encouniered here..
The area under the last peék of the “a" quartet is signif{cantly less
‘than that of ‘any non-overlapping member of the “b" quartet, The “b"
series of peaks is assigned to the resonance of the two terminal protons

on the other boron atom.

-

TABLE 4 -3

The B n.m.r. parameters (6 in p.p.m. £ 1 p.p.m. 'rela-
tive to external Etp08F3; Jy, in Hz + 5 Hz) for BaHsI and BoHcBr2* at -30°¢

BoHs] . BoHcBr
H” - . .
g< 7.8 172 . -18.9 163
~ .
L NX
H
>B -18.1 . 148 -12.2 141
H
D
Hy, ‘
8~ . 57.6 56.4
Hb ) /
Hb . ‘ o
8L | 48.0 a2
.Hb ' )

"Boron-hydroqen coup]ingﬂvalueé for the br{dqing protons could not

be assessed from 'H n.m.r, waever, a quartet of quartets resulting in

~

a sywﬁetrica! arrangement of 16 1ines, marked "c®, was obtained by
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Figure 4 - 2 _. The ! Spectrum of BZHSI at -30°C,

T—

\
\(1\ -

£y

- 30 " =-20 : 10 pPepm
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measuring off the Jgy values derived from the ''B spectrum’ Since the

" two boron atoms are chemically non-eq01valent each member of the B‘H

quartet (JB Hp = 56.4 Hz) 1is split into another quartet, JBH = 44,2 Hz,
thereby qiving rise to the 16 member array,

The !B n, m r. spectrum 15 similar in certain parameter values to
that of BoHgBr but opposite in pattern. As a result of the "B investi-

gation of the BX4 adducts of phosphine and methy!phosphine (Chapter 1v)

it is clear that boron attached to iodine resonates at a position

51qn1ffcpnt1y upf1e]d from that of boron attached to bromine. Hence.
the reversal of the resonance pattern in Bzﬂsl is consistent and is in
accord with expectation. |
The downfield triplet is assigned to the boron bearing two ter-
minal hydrogens., Each member of this system is further split into 1:2:1
triplets through spin-spin couplinc with the two bridged hydrogens, This
pattern, apparent in BZHsBr is also observed in diborane,?*"*!
The upfield doublet is assignedqfo the boron attached to iodine,
with JB'H’ = 172 Hz. Each'mehber of this doublet is fyurther split into"

1:2:1 triplets by the Bridging hydrogen atoms,

[
4. The Infrared and Raman Spectra. The infrared spectrum of qaseous

BoHsI is reproduced in Figure 4 = 3, The Raman spectrum of the neat

tiquid, displayed in Fiqure 4{- 4, also shows the spectrum under polar-

ized conditions. A1l spectra were recorded at ambient temperatures, A

correlation of all observed infrared and Raman frequencies is gqiven in

- Table 4 - 4, - o

On the basis of infrared*? and electron diffraction*? evidence
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A% . . TABLE 4 -4
Correlated Hstmq of all Infrared and Raman frequencies (cm']) for BZH5I

INFRARED o pAMAn

| 3640 t : J
‘36]0 {3680 ’ w ] /
2610 - E ‘
2620 {2630 S 4590 m< p
2540 . s ‘,:
2528 s . 2517 s p
: ‘ 2320 _
2385 {2370 W . | [ier'“
¢ v .0 - 2014~ \P
~ . - o . 2088 . s p
1880 W . e _
1735 mo - b
1580 : T VW - 1594 vww 7
1450 oom o - ' ‘
1265 . o S
]?72 {1280 'W__ . .
nes s , - : .
1151 - s . 1150 v p(?)
1020 o o
102? {1038 Vs 1014 -' S P
942 . - o
936 { 930 W | 941 W p
9 w o S
800 ’
805, { 210 m . 809 .m dp
640 : L o
631 { 627 W 622 m . p )
570 | K 51 m -p .
463 s 452 vws p
- 38 W dp
-. : . 205 s . dn(?)
- 126 m p

"This band is also of doubtful polarization in’ ByHcMe,
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diborané. BZHG- is known to be]ong to symmetry group DZh' with the four-
membered BZHZ rlng in a plane perpendicular to the four term1na1 hydro-
gen atoms. 'The ' and '8 n.m.r. spectra of BoHsI are consistent with
substitution of 1odine}for a terminal hydrogen. ‘Hence, upon substitution
the symnetry of the system is lowered to Cs. The geometry of the mole-

cule is assuméd to be as shown in F1gure 4 J 5 where XZ is the symmetry

. plane, )
. At
W

Figure 4 - 5 -= The' mo]ecular structure of BoHI

Since Bszl is an eiqht atom System, 18 fUndamenta] vibrations
are to be expected on the basis of 3n - 6 degrees of freedom for the
non-linear case. Application of‘group theoretical considerations““
leads to the expectation of 12° A’ modes (1n-plane v1brat10ns) and 6 A'
modes (out-of—p]ane vibrations). with the former being polarized and the
latter depo]arlzed in the Raman Effect S1nce the system is of C'
sywnetry al] fundamentals shou]d be both infrared and Raman active,
aﬂthouqh it sometineshappens that not all vibrations are observed in one
\JF the other spectrum, ) : ‘l J
In addition to symmetry considerations{the previously assigned
fundamentals of monomethyidiborane’* were used in makinb assignments for
mon010dodiborane‘ As. in the case of 82H5Me the fo]lowing infrared
bands were e]imihated as fundamental vibrations and assigned to various

ﬁcombinations and oyertones of the 32”5' system: 3610 2345, 1440, and

wt
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1272 cn‘l None of. these frequencies was observed in the Raman. Five
other 1nfrared bands were also not observed in the Raman spectrum. The
unobserved Raman frequency correspondlng to the 2528 cm~! 1nfrared band .
may be unreso]ved in the 2517 cm~! Raman band. ~For the same reason’ the
Raman counterparts of the 1165 and 910 cm-! infrared vibrations may be
f"ﬁé;t of unresolved neighbordng bands. No Raman actfvity is seen to

. correspond t0‘the-1880 and_l735 cm;] infrared frequencies. The same
phenomenon occurs in the Batigte spectrum, Yet both bands are used in

the ass1gnment of fundamentals because of their correspondence with the

-

diborane spectrum. zi"z'“s

Aside from the three ]owest Raman frequenCies. which were outside
the limits imposed by the infrared optics, on]y two bands were observed
in the Raman which were not seen(m the infrared spectrum. The weak
polarized band at 2014 cm™ -1 may be an.overtone of the intense absorption
at 1014 cm‘{r The unobserved infrared frequency corresponding to the
strong 2088 em™! Raman band is a condItion identical to that in the
BoHcMe spectra and may be too weak to cbserve, o 7 P

The assignment of fundamental vibrational modes for the BoHgl
system is given in Table 4 - 5. Since assignment was made not only on
the basis of synnetry consideratlons but also by comparison with the .
monomethyldlborane system. the corresponding BoHgMe frequencies are also
reported’ The assignments for the BoHgBr and BoHgC1 systems, also based
- on the methyl-substituted compound were used only in assigning modes
associated with the iodine atom. .

[

TTe——— . . i
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ASSIGNL?ENT 7 N Ir anggl;lan Iy sBZHSHI?amn
A' MODES J _
BH, asym st 2620 2590 2571 2575
BH st 2540 2517 - - &
BHy sym st - 2528 - 519 252
BHy sym (ip-phase) st - 2083 - ;”‘:2105
BH, asym (in-phase) ‘st 1580 1594 o - 1592
BH2 def _ 1165 ° - 1181 1168
BH {in-phase) bend - 1151 1150 1136 .- )
BX st 1029 1041 - * 995
BHy rock 936 941 -
B-B st ] 631 622 - 638
ring pucker 570 51 - 359
BX (in plane) bend %3 452 - 300(?)
A" MODES |
- BHp, sym (out-of-phasei‘st iéed - 1T:11: S
“//FBHb asum (outZof-phase) st 1735 - 1779 - '
BH2 wagq 910 - . 946 -
BH (ouf-of—p]ane)'bend 805 809 90 -
Bﬁz tvist - N - - .
BX {out-of-plane) bend 205 - -
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. ‘ N
A few assignment differences between the two systems are to be

‘\

noted. In the spectrum of BoHcMe, the 359 cm‘1 band is assigned to the "

ring puckering mode as in diborane.‘s The only band cnrresponding to
thws frequency in the BoHgl spectrum is the 341 em! absorption. But
this band is clearlv depo]arized and can not be assigned to an A' mode.

The 341 cm~] band is therefore assigned to the A" BH2 twist which was

) Ieft unassigned in the spectrum of the corresponding methyl compound.

Further, a polarized band at 576 cm™ in the BZHSHe spectrum is reported

~ but not assigned as a fundamental, 1t is this frequency which 1s now

assigned as due to the ring pucker.

The BH2 rock was also unassigned in the BZHS"e spectrum, - The
940 cm=! band is assigned to this~fundamenta] mode 1n BoHsI, Its very
clear polarization precluded assiqning this frequency to tha A" BHo wag
which is niven a 946 cm™! value (infrared only) in BoHeMe, The BH,
wagginq mode is now assiqned to the weak infrared band at 910 em~! ;
the BZH I spectrum.

Qn the basis of pﬂlariiation data the 899 ol band is assigned

to the BH out-of-plan@ bend in contrast to the assignment some 100 em~1

higher in BoHgMe, An absorpfibn atf801 em™! in the latter spectrum is

reported but not taken as a fundamental. No polarization data is given.

The 809 cm~! region of the Raman spectrum of BoHeI is ﬁuite com-

"plex_(see Figure 4 - 4) and probablv is an awea of some overtone and com-

.binatiﬁgﬁactivitv Similarly the 1014 en1 peak, stronq in both infrared

and Raman and assigned to the BI stretch, may also contain the 571 + 452

cm™1 combination band. The corresponding difference band accounts for

N
[}

the 125 em! peak., B g
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. It may be surprising tﬁat the BI stretch should be at a frequency
higher than that of the BC stretching frequency in BHcMe. However,
this seems to be the case for all of the monohalodiboranes (Table 4 - 6},
A generally uniform decrease in the BX stretching frequency is observgd

from the chloride through the fodide.

TABLE 4 - 6

The BX fundamental vibrations for the mono-
halodiboranes (em=1); infrared values only.

ry

Bszc'lz’ BszBr“ BZHSI

: 1092 1066 1038

BX'st A Yors Qos1 Qo2o
. 847 -, 818 N

BX bend A { 831 _ { 807 463
BX bend A" L : 205"

- -
Raman frequencies -

‘gt
¥

The frequency of the BYX bend is mucﬁ lover than those of the
corresponding mode in the other two halide cohpoﬁnds, but the intensity
of the 452 cm“'l band in the Raman can fot be disregarded and must be
asstgned to a mode involving the fodine atom, Finally, the 205.cm'1
absorption is of doubtful polarization but the assignment of this band
to the i@dine out-of-plane bending mode does not seem’unreasonable,

The splitting of several infrared bands is seén throughout the
spectrum. This may reflect the effects of the '°8-118 jsotopic distri-
bution in some cases qﬁd in others, the three uneqﬁal moments of inertia

possessed by the molecule. For molecules of symmetry lower than CZv'
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h 3

'D or DZh' the band contours become too complicated to permit any con-

clusions to be drawn concerning the symmetry species of specific funda-
mental vibrations.*?



VIBRATIONAL SPECTRNSCOPIC DATA

A
4}

The PH3BC13_System.
The PH3BBr3 System,
The PHBBI3 Svstem,
The PD3BCI3 Ststem.

~The PD3BBr3 System,

The PD3BI3 System,

SECTION 5
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