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ABSTRACT

4 2

Extending earlier work,” a classification of electron accep-

1
Tn of this series: R. S. Mulliken, J. Am. Chem. Soc., 74, 811 (1952)

L N i

tors and donors each into a number of types is given in Section II, and
illustrative extmples of these and of the results of their interaction
are tabulated (Tables I-IV). Donors D and acceptors A are here rede-
fined (see Section I) as all those entities during whose interaction

‘ transfer of negative charge from ‘D to A takes place, with the formation
as end-product either of an additive combination Am.Dn or of new enti-
t8o5. In a’l cases of 1l:1 interaction, the wave function \P of A*D (and,
formally at least, of the wud-products also in the dissociative case)

is of the approxizate form
@ ay (DA) + myl(n*m : (1)

with appropriate ionic or covalent bonding (or no bonding) between D

and A, and between D* and A”, depending on whether A and/or D are

) ‘ closed-shell moleculss or ions, or radicals.® Donors and acceptors as

T )

See also Paper No. 25 in ONR Report on September, 1951, Conference
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Since in ordinary chemistry the free ion H' does not occur
(though to be sure it can ex23v in gas discharges), it appears to be
.more realistio to classify it as a virtual than as an actual acceptor

under normal oonditions,

II., T E CLASSIFICATION OF DONORS AND ACCEPTORS AND THEIR INTERACTIONS

A general classirication of donors and of acceptors each into
»everal fairly woll-marked types is given in Tables I and II, where
each type is characterizod in detail, A general scheme displaying tho
chief modes of interaction cf some of the most important donor-acceptor
ralr types is presented in Table III, which is supplemonted in Table IV

I:by a listing of numerous individual examples, together with remarks, in
the case of certain pair-types, about‘special featuros of their behav-
ior. The examples include cases of molecular complex formation (De+A),
molecular compound formation {DJA), and bimolecular displacement reac-
tions (A 4 D —) B+ C) botween donors D and acceptors A.

Tables I-IV are largoly self-explanatory, but a few remarks
on the choice of notation may be worth while, First of all, the syl
bols have teen chosen with considerable care to be as simple and brief

-‘(?as is oonsistont with making them reasonably explanatory, convenient
for speaking, writing, or printing, and free from possibilities of oon-
fusion with other symbols likely to be used in the same context,

While the broad categories of "donor" and "acceptor" donote

modes of functioning, it is convenient to divide donors and acceptors
each into classes based on their structure before interactions Tho
first broad division of donors i1s into even lone=~pair (g and n'!'), even
bonding=-electron (x and ¢), and odd-electron (R) radical donors, Simi-
{;larly, acceptors are classifiod as even vacant-orbital (v and zf), even
bonding-olectron (n. o, and oﬁ), and odd-electron (Q) radical accepters.

¢ The individual classes mentioned (there are also othors, but those
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mentioned are the mast important) can conveniently be further divided
in snme cases inte subclasses (for example, the O accoptor subclass ho

’consists af all neutralemolecule H-acids). Tha bounidaries betwocn
classcs (or subclasses) are not always sharp, bocaus3d the structures cf
actual donors and accepters are often more cr less intermediate between
thoso of two or more classes (sce, for example, Table II, Remarks col-
umn). It should also be noted that the same moleculo, especially if it
1s a laerge molecule with various parts, may function under difforent
circumstances sometimes as one kind of & drnor, somctimes as another;
of agein as one or another type of acceptor. For exumple, even H,O

2
+« functions on occaslion elther as an n donor or as an by acceptor; and
probably sometimes as a dﬁ donor, or even perhaps in other ways.
For each of the structure-based classcs or subclasses of don-
ors and accepters, there ares at least one, and usually twn, character-

istic mndes.of funeticrning (see Tables I and II), When there are twn

modes nf functioning, one of thcse 13 associatlive, the other 1s dissoci-

ative. These are symtolized by adding subscripte (a and d respectively)

to the class or subolass symbol. The 2ombined sjrbols are then rogarded
(;as denoting subclasses ~r sub-subclasses, For some classes, only the
assoclative, or else only the dlssoclative, mode 1s usual,

For a given donor sr acceptor functioning in tho dissociative
mcde (this moat often ~ccurs only in the presconce of assisting elostre-
statle or other forces or agencles, for example, thoso due t» an lonig-
ing solvonti see Section VI bolew), a covalent bond 1s broken, commonly
in & dlsplacement reactliorn 1n which lons ere formed or exchanged. Ac-
tual disscclation of the atoms formerly joined by the broken covalent
.bond occurs common'y, dut not alwayé. Far example, 1t does not occur
!Lwhen the m bond of a doublie bond 1is broken (:gd donors, and gnd accep~-

tors), sirce a o bond always remains, Even in the case where a 6 bond
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(eingle bond) is broken, if two iens are formed, they may still cohers
1f in the prescnce of a non-i4niping solvont or in the vapor state (but
. they are seldom formed under these circumstances), or if in an ionic
orystal; commonly, however, they become separated by the process of
electrolytic dissoclotion in an ionizing solvent,

For a donor or acceptor functioning in the assnciative mode,
a oovalent bond, either incipient (in lonse compiexes) or more or loss
fully developed, snd either intcratomiec sr intermolecular, is formed,
Only lone-pair donors and vacant-orblital accepters are capable of func-
tioning in the assnclative mnde to farm strong fairly fully developed
new covalent bonds, When bording-slactron (e and x) donors and accep-
tors function associatively, it is only with a lcosening (partial break-
ing) of their bonds; if the interaction becomes too strong, it paases -
over inte the dissnciative mode (but, as already mentioned, this usu-
ally requires the cnoperation of additional forces from other mnle-
cules).
The class and sudbclass symbols have been 8o chosen that they
can be simplified, adapted, or extended in various ways according to
t convenience. For example, onc may speak of bx rcagonts, or af bm, er
simply of m donors; one may speck of x@ acceptors, or collectively of
¢ acceptors (including xe, he, ke, 10, and perhaps 9_6** and y_d‘* acecep-

tors), or collectively of & acceptors (including X0, hod, kd‘d, lo,
- - — - d

q
and perhaps ha:": and k6" acceptors). The notations v" and 6" for uni-
-— - n -—
positive cation acceptors ani n' for anion acceptors can readily be ex-

tended to multiply oharged ions (e.g., 1“*, !man-, n’, yt*, eto.)s The
saperacripts 4 and ' have been used, rather than * and “,; because in
somc discussions one may wish to refer to dcners and accoptors of these

gtypes tc or from which electrons have been added or subtracted (for ox-

#* -
amplo, n'* cr v 7).



. . L e kel

- 13 -

Finally, it should be pointed out that several changes, be-

lieved to bo considerable improvements, have been made in the notation

’used a1 provious papex*s.z"4 Among other clianges, D (for "donor"') has
been substituted for B (which suggests "base"), and the acceptors for-
merly called d are new x@, he, ke (with subscript a or g_).

It should be emphnsized that the classification scheme as
here proposed 1s still more or less tentative and incomplete. In par-
ticular, the classes R and Q and their interactions have been treated
only skotechily. It should also be emphasized that the primery purposec
of the Tables 13 not to attempt an authoritative classificetion of ac-

’ tual molecules and reactions, but rather tc give probable or plausible
oxamples to illustrate the functioning of the various donor and accep-
tor types. Time alono can show Just how useful a deteiled classifica-

tion such as that given will be,
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TABLE I, RELECTRON
pe2r S Nature
Symbol Name Essential Structure~ atvre
General Character
n onium Neutral Even System Association for
donor Containing Refativedy Vaiency Increase
Easily Ion%zed Atomic
Ione Pair
n' anionic Even Ion Q  or usually Qe¢s Same as n
onium Containing Rasily Ionized
donnr Atomic Lone Pair
br = donor Neutral Rven System bn_: Loose Dative
- Containing Easily Ionized Association
Bonding % Rlectrons
ggd: Strong Dat-
ive Associa-
tion Essentially
with Formation of
one & Bond and
Loss of one nBond
bo ¢ donor Neutral Even System RQ bo t Loose Dative
- with Rather Weak and Polar Assnclation
R—Q Bond (Polarity R*Q~) (rare)
gpa: Ionecgenic
Displaccment
Reaction, usually
©s-assisted
R radical System with Relatively
denor Basily Ioniged 0dd Electron
(reducing
radical)
a

Additional types of donors (e.g., n", bo¥) and acceptors cculd als»

be descrided.

In general, esac

type is a mode ¢f functioning, ani

the same molecule may belong under different circumstances to differ-

ent types,

However, the classification into the majcr types n and n!

(lone-pair electron donors), bm or bo (bonding slectron donors) and

R (odd electron donors) is in terms of the structure of the electron <
ic grouping from which the donated electrern comes, On the cther hand

the associative and dissociative subtypes (a and d), under each ef
the bondIng electron types, dilfer ngg

tion.

>

rsspect to behavior or funs-

“N
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DONOR (D) TYPESZ

of Donor Action®

'_Y_l; Description MO Description

Partisl Dative Transfer (cf. Eq. (1a))
from lone pair

n,A
n+ A= ’ Lt + A =>nt A
nt—="4

Same as n Seme as n

bn,: Partial Dative Dbm : Partiel Dative
& fTransfer frem Transfer from
!:any % bonding peir, pair occupying most
with resonance of easily ionigzed bond-
donor action among ing n MO
all w electrons

bo.: Partial Dative Transfor from
R==Q bonding pair to acceptor
with further partial electron trans-
fer R—}Q, and liberation of R*:
es

+SR R*l_

|
( a £2,
t -SQSB\A (g:—l'-A-a)-l_%

(B = 1-a-8)

Examples

Amines, aloohols, ethers,
ketones, nitriles, CO,
scemetimes halides, SO2

Es-solvated anions of
H-acids, e.g., I, CH

5C00%,
OH™, NH,™%

Aromatic (Ar) and Unsatur-
ated (Un) hydrocarbons,
and their substitution
products with electron-
releasing substituents

Alkyl and Aralkyl halides,
esters, etc., especially
if RY is resonance-stabll-
1zcd; solid metals (Ce.g.,

Na, Mg, Cu).

Univalent metal atoms,

H atom, alkyl, aralkyl,
and other easily ionized
radicals

o

"Essential Structure' refcrs of coursoc, in complicated ceses, onliy

to tho region whoere tho donor or acceptor action takes place.

lo

The symbol es denctes the presence of a source nf eloctrestutic for-
cos which stabilizes the system in question: usually an atiachel
polar solvent molecule or molecules, or sometimes a ocompanion ion

or ions, as in ion-pairs, lon=-clusters, or solid salt,
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TABLE II. ELECTRON
Symbol Name Essontial Structure Nature
general Character
b vacant~ Neutral Even System Association for
orbital in vhioh an 0O-bltal or Valency Inocrecse
accoptor Orbitals of Relatively
High E (Electron Affin-
ity) are vaocant
g** cationic Eyon Ion R* or Usually Same as ¥
vacant- R'es with High-E Local-
orbital ized Orbital Vacant
aceceptor
hd‘g cationioc Even cation of structure Always Dissocla-
dissoclative DH es (type he"), DR es tive (¢,). Dis-
and O acceptor (type k6¥), or in general plaoomeﬂt reac-
% (D9) R *es (generalized tion: acceptance
ko ko Btype). of strongor base
d in plaoce of weaker
a

o

See notes 8, b, and ¢ of Table I,

There appear to be two main driving forcss behind acoeptor action:
(1) the tendency of atoms with vaocant orbitals to pick up electrons

to form additional bonds (valenc
eleotronegative atoms in a moleocule to

increase);

(2) the tendency of
cocomo nogatively charged

()
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ACCEPTOR (A) TYPES2
b

gé Acceptor Action— Exnmglea Rggggka
‘ VB Description MO Description
Partial Dative Acceptance Bles, Alles, axa, Alxs, See Remarks
(cf. Eq. (la)) Al and A2
Into Vacant Orbital: FeX,, ZnCl,, HgCl,, TfollovIng
this Tablo'
D+yvw D: +V = 0 atom, SnCl4(?),
D,A D: ¥ S1F,(?)
—) + -
Di—v¥
Same as v Same as Vv Ag*ea, NO +es, HSO,.*os Seo Remarks
= = = e 3= i, B2, B3
+ == 4
Carbonium cations Ak and §§3(T31
N lowi this
I’ or Ak es Table
#* + + :
In goneral: gdaz 830 es, NH4 es See Remarks

Bl, B2, B3
and BZ (Fol

3, +
ko, Ag(NHy), 08, low12§ this

Tabl
Agfg% may belong hore,
but 1s more cgnveniontly

5 + (D3) R*es —
(D-a)q(ﬁ-))pR“*g + pD
In+particulgr, if accepter is

DR ¢8 or DH es, rogarded ag v .
-5 *es D

g -_—
43 WIAN, (R—TD)*es

Jere D* and D play the same
roles as Q and Q" in oy acocep-
tor action.

(electronegativity satisfaction). The first of these iz largely
confined to v acceptors, while tho second is present for most
acceptors., In r-electron systems resonance effects are also
important. In all types of acceptors, accoptor strongth increases
on inereased loading with electronegative atoms,
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TABLE II.

(Esaon;ial ?truoture)

Neutral Even System
Containing Bonding =
Eleotrons Rolatively
Strongly Held

/
/

Neutral Even System
Usually of Struecture
Z=0 (or Recso~ating
Z=0) ContcinZng
Strongly Polur =
bonds

ELECTRON ACCEPTOR

(Nature

(General Charniter

XX or kr 3 Locse

a % pative( )

Assoclation

X®, or km,: Acco-

ciuticon

(for Baotter fn-a-
uration an:i Sicc-
tronegativity Aul-
1sfaction) wo'l.
Formaci-n =€ o.e
o and Breaking cof
one 1 Bond

——
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(A) TYPES® (CONTINYED)

of Acceptor Aetionh) (w) (Remarkg)

VB Desoription MO Desoription)

or kn_s Par or kx 8?&1‘-\7‘"1 Avoratic or Unsat-
’t‘ial AccoPtance '5131 Acceptance |1 %31 Hydrocarbons
of ® electronby of electron in- |w.3l. em.,tronegative or
any n bondingpelry to lowest-enargy jeloxtrophilic substitu-
convertingthe Jat- (highest-E) an-(ente. For example, tri-
ter partially into tibonding t MO, /nitrobenzene, maleic
an odd n electron with dative anhydride.
(which gives dab- bonding to don-
ive bonding to or. .
donor) plus t lane :
pair; withreson=- L
ance of this ac-

A\

tion among all N
= eleoctrons. /
Partial Electron Acoeptanoe/kxz RHCO, RR'CO, RCN, See Remark €
ydboth R and Q with loss of R—Q (follow:r:
7 bord ard formation of R—D bond:  CO,, 802 ( O), this Ta%. )
"504\ 3 80, ( O;»o).
*+h —p (R—D)*
usually followed by rsearrange- /’

ments or further reaction. /

&9
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on "Quantum-Nechanical Methods in Valence Theory". This Report is
obtainable from L. M. McKenzie, Head, Physics Branch, Office of

. Naval Research, Department of Navy, Washington 25, D.C.
w | )

here defined correspond closely to nucleophilic and slectrophilic rea-
gents as defined by Ingoid or, except for the inclusion here of donor
and acceptor radicals, correspond rather well to bases and acids as de-
fined by G. N. lLewis., 1In Section III, the applicability of an exten-
sion of Eq. (1) to crystalline molecular compounds is considered brief-
ly.a
A brief discussion and listing of possible or probable known

' charge-transfer spectra 2,4

of donor-acceptor molecular complexes are
given in Section IV and Table IV. Sections V-VIII contain further

elucidation of matters discussed in Sections I-II and in Ref. 2.

& )
> I of this series: R. S. Mulliken, J. Am. Chem. Soc., 72, 600 (1950)
L )

The energy U of interaction between a donor and acceptor as
& function of a charge-transfer coordinate C (a kind of reaction coor-
dinate, so defined as to inorease from O to 1 with increasing transfer
‘ of electronic charge from D to A) is studied in Section IX for inter-
actions between dcnor-acceptor pairs of the various classes defined
here. In many cases, there should be two important minima in the u(c)

curve, namely one for a loose "outer complex" for small C, and one for

a tighter "inner complex", of either dative or isn-pair character, for

large C (see Figa. 1-2). In any particular case, one of these is the
stable form, while the other 1s an excited or activated state (lower in
energy, however, than the activation barrier which usually intervenes
‘ between them). However, in many cases where the donor and acceptor
Z>rm only a loose outer complex or none at all in the vapor state or ir

an inert solvent, the inner complex, if of ionic type, may become the
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, TABLE II. GE£LECTRON ACCEPTOR

(Sg‘o% ) (Name) (Essential Structure) (Nature
(Geneml Character

x6 halogenoid Neutral Even System xo (also, rarely,
= o acceptor or §Q, with Usually W8ak “ Bo)s Loose
o Bond between Electro- Dative -
negative Atoms or Radi- Association for
dals Better Elcotro-
negativity Satis-
faction,
]
ho dissociative Neutral Even System HQ lxo« s B&, Or ko
o acceptors or RQ with Usually Rela- | = d d d
and tively Strong ¢ Bond i Disaooiation,
uaually es-as- ‘}
ke sisted, o Form -
Q7es.

/,

no” and xo
(see above)

Q radical Odd=Electron System with
accepto Relatively High Electron
(oxidizing or Affinity
electrophilis
radioalg

o T
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(A) TYPRS® (CONTINUED)
of Acceptor Action®) (Examplee ) (Remarks )

VB Desoription
x0 ¢ D + R -
J D,Q-Q
(0*—Q)Q"
D'TQ

goa or gdh:

MO Description)
D+ QR —)

{D,EQ }
pt— ()"

Acocepte? elestron
in (QQ)~ goes in-
to strongly antl-
bonding & MO, whish
weakens on dis-
soociation.

X0t Halogon molecules See RemarkD
X_ and XY, (following
2 this Table)

PhSCH(?)

D + RQ =) hot All neutral H- See Remarks

cohols.,

b —nq"

Accepted eleotron\  Esters

in RQ™ goes into

strongly antibond-

ing o MO whioch

woakens on dis-

soclation,
Partial Electron Acceptance by Q from
voth D and R (or H) with liberation
of Q” and formation of D~R bond,

e Q-_g
D e
'4- l-a D \ 1_

(f=1-a-9)
/506 EQ. (5) for example with fur- /
ther detuils) /

kot Organloc Hallides,

———— - e

Halogen at
H atom, NO
radicals

oms,
0 acid

ing this
Table)

S acids, includ- g} E2 and
’ ing HX, Viater, Al- ) (zo;low-
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TABLE II. ELEOTRON ACCEPTOR (A) TYPESZ (CONTINUED)

REMARKS
These and x“ are the typical Lewis acida.
Retlly the vacant orbital is not quite vacant, because of reson-
ance structures 1ike B =X* or Cl*=Hg"=C1*, and to this extent v
acoceptors are kn acceptors like RR!C=0 anéd 0O=C=0,
The g“ acceptors are typical Lewis acids. Luder calls the d** ac-
ceptors secondary Lewis acids,
Ions of structure R’*g;l_. are classified as g* or as gm* according as
the solvent molecules (sl) are held primarily by es or by donor
acotion and so regarded as accessory or as oconstitutive. In doudbt-
ful cases, the g_* classification is the more convenisnt. Ions of
struocture B"a_l are almost always most properly gm* rather than 1*.
However, even definitely gd\* or gm* acoeptors are often convenlenb-
ly regarded by courtesy as g*, by ignoring sl in R"g or H"s_l.; for
example, 830"23 may be regarded as rt.
The type ga\* comprises precisely the oconjugate aocids pE* of all
bases D, Examples inoclude among others ArH' and UnH*., However,
UnH* = R* (8.8, Un = C,H,) funotions more often assoclatively as
a !% acceptor in its own right than dissociatively as an go\: acoep~

tor.

kn: The kx and v acceptors are not separated by any sharp bounde
ary, but a continuous range of intermediate cases is possible.(See
Remarks on v aocceptors.)

x6: In X, or VX, weak o bonds, gvert 0, small but inoreasing
strongly, during dissoclation to limiting Value Ex.

The ho olass consists precisely of all the neutral H-aocids,

In HX or RX, strong polar o bonds, EV®T' (¢ 0 but becomes » 0 dur-
ing dissoclation, with limiting Value EX‘

v TR
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TABLE II. ELECTRON ACCEPTOR (A) TYPES2 (CONTINUED)

REMARKS (ocontinued)
HQ and RQ are sometimes described as secondary Lewls acids, con- )
ceived as formed from the primary Lewis acid H' or R* and the
base Q.
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TABLE III., SOME DONOR-

S Donor " !
Arobpter e = (usually Qesy

M" —t 8 - R ey

¥ DATIVE (Sy) DATIVE
- o = ....+ = = ER RISy S| (R T N ==t
v . (Sy) DATIVE DATIVE formir3 RQ
{usually R'es or Sy DATIVE
T .’E;a- vy ]
. !
X7y | Q—xn & bond formed
) datively, with locs
Ry , j of one m boad
(kR | DATIVE 1 es-dative
n . ,
Gsually 2=0) ngtd . (es)s 2 t—z—0" - Q,--z—o es (=)
[ oo e e T ) STEE), (e aara et [ e e e -4

S - e PR

r X, | dative (-—:-)) ' Sy DATIVE
x0
Q| x0y es: [03)"Q7es (—) i
!
es,v: [nQ]'TvR] es(—) |
S',l_ld‘ (see Table IV) : Sy DATIVE

o{ ba l £ . |
\}(HQ) ho, es: [(nH]"Q es ' QuH + Q705 )
f f_d' (see Table IV) | !

5% Lo [aRY* | i

> . : - |

<RQ gal L es: _QR] Qes 1 QQR + QAes :
1oy <nv> nv +n 5

LT T T B

( X%

<(]*es> !
- :

& boy (nH]%es + D QH + D
\({_HDJ"es) I
' "
. ko) (oRl%es + D QR + D
Ldmﬂ*m

2 pms il s S T ——————

Q {Qw% Qa«} |

|

]
-l

e ewm mm . e e man e e = e

SN | e
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ACCEPTOR REACTION«TYPES
- =t - bx '-'." po—iy -'%::_ " "‘h'f'd‘-‘—‘—" ot &5 .:n‘z.\a 3 .1‘.“. - ln 51 =
. dative _e_gm*mg]'_oi?
&S aien o o ST b P +.-_...._ i A A TR el T, Bt e s e
‘dative lbx—=R o bond formed datw BD"ea + QR, |
|| Ively, with loss of one A
x bond ' ,
—— -_..._..4[,-._.. oo i e e -,‘-- R | NPT, TR
dative ' ' g
k | !
! . : !
Jd N [
dative ) ; )
J :
1 | :
: {
[ U (U S
‘ detive ' ' dative1i
1 - | . |
| (g_g: [(xQ]7Q"es (~) | ’
' Leg,zz [ xQ]*[xQ]',e_s.(-—)); :
(see Table IV)'T-Y | & =
{_sz LRB]*Q+95 : {p )ps ;
: . ~ter Y N E N
i es,v: [RH "(vQ "es : 1QpH + R QAes R'Q" + H
see Table 1V) +a=
( : | ” R} + R,
ot | 4,
i |
z
‘ ¥ ] !
fpe = e SRS e ee— -
) |
| -,' ;
{ ' i
- - ;
] ‘ perhaps
: ! ‘Q.8+ R7es +D
' ; |
" T !
o |
! f :
= = ﬁ ey e e e Tow —— j - - e +-- . -
8 dative ! {RQ or R*Q"
l j
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TABIE III. SOME DONOR~ACCEPTOR REACTION-TYPES (CONTINUED)
ExPLANNTION OF TABLE
For detailed descoriptions of donor (D) and acceptor (A) types
.and notation, see Tables I and II, Subsoripts a« and 4 appended to don-
or and anceptor symbols of the ® and x classes indiocate associative (a)

or dissociative {d) functioning, For any donor-type acceptor-type pair,

Table III describes the resction~-type by stating briefly the nature of
the initial reaction-product or produets for a direct bimolecular reac-

tion between donor and acceptor. The word "dative™" indicates a loose
dative complex, the word "DATIVE" a dative complex or compound which in
typiéal examples is strongly bound, For specific examples of the reac~
tion-types indicated in Table III, see Table IV,

In Table III, certain symbols and punctuation marks are used
only with definite explicit meanings, as follows: <...” is used only
with a dbrief structural descoription of a donor or acceptor type; (ees)

) means that the indicated behavior may or may not occur in a given exam-
ple depending on circumstances, and/or that 1t occurs in some examples
but not in all; -——) means that an indicated reaction product is an un-

‘stable or stable intermediate which normally reacts further {either in-

tramolecularly and/or, usually, with other molecules). Subscripts D

and A serve, when necessary, to identify different R and/or Q radicals
in the reaction-products in terms of their origin in the donor or accep-
tor reactant. The 6olon following es or 3s,v indicates that the reac-

tion occurs conditionally (in most cases, only conditionally), through

cooperative action of agents acting electrcstatically (es), or through
the cooperation of an auxiliary v acceptor plus es agents (es,v). The

symbol Sy, standing for symmetrization, denotes a process in which, when

1 .en incoming donor or acceptor jolns a partner containing identical (or
sufficiently similar) atoms, all the like atoms become mutually equival-
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TABLE III. SOME DONOR-ACCEPTOR REACTION-TYPES (CONTINUED)

ent (or nearly so) in position and internal eledtronioc distribution.
4 Tables III and IV are not exhaustive: (a) additional D and A
types exist, e.g., n" and o donors, _v_**, g***, and % acceptors, eto;
(b) additional reaction-types corresponding to some of the blanks in
Table II1 exist, but only those types ere listed in Table III of which
examples are given in Table IV; (¢) resction-types involving R doncrs

and Q acceptors are indicated only very sketchily., Tables III and IV

are not intendod to imply that the actual reaction mechanism for a given

donor and acceptor 18 necessarily always (or perhaps ever) the direct
‘bimoleoular mechanism indicated in the tables., However, the reaction-
types listed are belleved to be correct at least as to over-all driviag

force and over-all result, although whether for any given individual ex-

ample they go at all, or reach an equilibrium, or go to completicq, de-
pends of course on the acceptor and donor strengths of the particular
reactants., The reaction-typcs listed are belleved also to correspond in
most cases to reaction mechanisms which are likely to be realigzed in
practice at least under some cirocumstances. As 1s well known, over-all
l:bimoleoular rcactions often proceed actually in steps, with the monomo-
lecular or quasi-monomolecular ionization process RQ —> ng; + Q78l as
an initlal step, the solvent (sl) action involved being sometimes purely
slectroastatic (es) and sometimes partly or wholly a donor or acoeptor

3%
action. The ¥

or ag acceptor R*sl and/or the n! or o} donor (o 1is of
structure n'v) then react further. (The ionization process 1s the rever-
g2l of a donor-acceptor reaction of type !*'or ag'plus nt' or @é - RQ. )
Ian a few examples in Tables III and IV, processes involving the assist-

’ance of an auxiliary acceptor or donor (usually a \4 acceptor) have been
indicated. No opinion 1s implied here as to whether ever, or how often,

the actual reaction mechanism in such processes is termolecular,
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TABLE IV.
SOME EXAMPLES OF DONOReACCEPTOR COMPLEXES (D°A), COMPOUNDS (D9A), AND
'PROBABLE REACTIONS (D + A —) PRODUCTS), AND APPROXIMATE WAVELENGTHS A
OF SOME PROBABLE CHARGETRANSFER ABSORPTION SPECTRA PEAKS8:2s2

i 1. mpep+yd

Et,0 + BF; =) Et,095F,

MeSN + Bl(e3 -—) uesuaaues

t Yo, N + AlCl3 ) H63N9A1013

, MeCN + EFy —3 MoCN4EP,
MoBr + GaCly =) MeBragaCl, 2

4 But not HC1 + Al1Cl, —~) HC1sAlC1l, £

Mo, P90 + BFy =~ MoyP304EFy &

HesNéo, Res. 0840, Res. 02890

2. TIype n' + ¥ (usually Qes + ¥)
F'aq + BF, — BEF,"aq
' Cl7aq + BFy == ClEF,"aq

Na*C1”(s011d) + AlCl, —> Na*AlCl4'(solid)

3
3. Type bn + v
° o ° h
m e RCH:CH2 + AlCls hommmm (RCB=CH2) AlCl3 =
4. Iype bo +y
bog3 RF + BFy — R'es + BF,"0s or R*BF,”(R = alkyl)
(in RF as es solvent, or in aliphatiec hydrocarbon solvent)
NOC1 + A1Cl, — NO*A1C1,(g011d)
3 COCl, + AlCl, == COC1¥sl + A1C1,"sl
(in suitable solvent; in 1liquid COClz, mechanism may be
through ionization of COClz)
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#

S Ixpen+x
+ +
CHpI, + A8’aq T2 CH,I,eAg’ag 4
(here parhaps Ag*aq is more nearly of ki
Mo, 0 + Me'es ——) Ne,
(1n MeF solution, after MeF + BFy ——) Me%es + BF, "es)
2NHS + Ag"'Nos'(ogatal) -'9-'9-'-) (BSN-))zkg*gl + Nos'g_g

(in 8q or aqueous ammonia, with aq as es8)

than v" type)

< 0K

T

6. Typen' + 3" 4

01781 + PhyC*sl == pm,co1 £
in liquid 80y, nitromethane, or acetone (sl action in C17s)
partly dative: see under n' + kx (Part 10 of this Table))
I"aq + Ag*aq —) AgI(solid) + aq
(see remarks on Ag*aq under n + v (Part 5 of this Table))

2CN"aq + Ag’ag — [Ag(CN),]"aq
Zo T! EO Rx + !*
Bz + Ag*Cl0,” &= Bs°Ag*C10,~, and (Bz+Ag*+Bz)C10,~¢

(in benzene solution)

MePh + Ag'aq =2 MeFheAg*aq (A2300%7) B
and aqAg*eMePheAg'aq
(in aqueous solution; here see remarks on Ag"g_g under n + v

(Part 5 of this Table))

%

+ - + -
Bz + NOy¥es + HS0,"es —> [BzNO,]"es + ESO,"es —3 PHNO, + H,SO,
(in sulfuric acid solution, with sulfuric acid as es)
Bz + R*es + A1C1,7es - [BzR]%es + A1C1,"es —> PhR + HC1 + Al1C14
(2+8+» Perhaps EtCl solution of AlCly (~> Et*es + A1C1gs)+Bs)
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st sble form under the ocooperative action of a suitable active solvent.
The latter funotiona dy sclvation of the inner oomplex or its ions,

. scting either mainly electrostatically, or in some cases malnly as an
a»xl1liary donor or acceptor (double-complex formation)., The forwation

¢t ion-pair oclusters or ioric orystals (e.g., NH, + HCl —) NB4+CI')

3
zan play the same role as that of an electrostatiocally funotioning sol-
‘ant in stabilizing the inner ocomplex of a donor-acceptor pair, In a

few interaction types, e "middle complex" is important {(cf. Fig. 3),

corresponding elther to an activated ocomplex or intermediate in a reac-
tion such as those involving a Walder inversion, or to a stable asso-
’ olation product. Section X contains improvements and errata for the

rxevious papers of this series.

I. THE INTERACTION OF DONORS AND ACCEPTORS
In chemical theory, the usefulness of G. N, Lewis's broad

conceptions’6 of what should be meant by the words acid and base has

c .
5 G. N. Lewis, Valence and The Structure of Atoms and Molecules (The

Chemical Catalog Company: New York, 1923), see especially pp. 142,

‘ 133, 113, 107; J. Franklin Institute, 226, 293 (1938).
6 W. F. Luder and S. Zuffanti, The Electronic Theory of Acids and

Bases (John Wiley and Sons: New York, 1946).
s J
become 1lnoreasingly evident. However, since these worda (espeocilally

gacid) are occmmonly used with narrower meanings, it may be wisest to

follow Sidgwiokv in referring to Lewis acids and bases as (electron)

— i)
7 N. V. Sidgwick, The Eleotronic Theory of Valenoy (Oxford University

Press: 1929), in particular, p, 116 for the definition of dorers snd

!

aocceptors.
(O _J
_asoeptors and donors respectively.8
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8. Type b¢ +f

n
Pooy: MeEL CH + Me CH* —> MeEt,C* + Me,Ci, 2

(Here in the god donor RQ, R is MeEtZC, Q 1s H)

Zn metal + Ag*sl ~3 Zn**sl + Ag metal

Na metal + NH,*sl — Na*sl + Na (metal )—NH, which decomposes to

4

glve NHS and H2

9. Types n 4+ xn and n + kx

xn_ 3 NH, 4 dinitrobenzene = NH_edinitrcbenzene

3 T 73

e kx_t Mo N90 + S0, = Mo N90450, &

kn

al NHS + RCHO —=—) (RHC

3

Hzo+002£(aes. M’OHA) Res.o=<'< _34-30*_3

(or perhaps CO(OH)2 i3 formed at once in the first step)

0~ H
4 - RHC<0
\ WH*
3 2
(In this and the first follewing, or prcbably both the follow-

ing, examples, the nver-spll precess is ef the type }lod + g-n:d,

with an intremolecular bsl, action. If the actlion proceeds in

a single step, i1t should be classified as beg + y:d.)

ag o O e
H20 + SOS ———) (Res. OKS\OH 5 OKS\

HC1 + S0, — HC14S0, or C1S0,0H (?) (ohlirsulfonic acid) 2

3 2

10. Types n! + xn arnd n! + kn

o /NOrs
NO g O\ H= JES
2 2%
‘m $ MeO 81 + N OEt «=e==) Res. _.C<c C>r' g1 B
="a -_— 2 0 e \oy S
2 vii= e
No, !

(1n solution, with 8l = es)
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krgt (C17+80,)81 or (C174SC,)sl
. (sl action on Cl~ partly es, partly dative)
(C17+CHyNO, )31 and (C17*Ne,C0)sl in nitromethane and acetone
- +
0 ) H.0%ag /OH

q} = REJ{
CN

kn,t CN“ag + RCHO —- (RHC(NQ.

OH™aq + CO, —) HCO, ag
Na*Cl™ solid + S0, —> Na"'[ClSOsT' solid
‘: 11, Types bm + xx and bx + kn &
br exx : PhNH, + s-trinitrobensene et PENH,*s-trinitrobenzens (A4000)3

Bz + s-trinitrobengene : Bz®s-trinitrobenzene (A2800) £

c—
br ekn_ : KBz + SO, = MBzeSO, (A2840) 2

(MBz = various methylatad benzenes)

Bz + oxalyl chloride == Bz*oxalyl chloride (A27007) &

‘.‘ Hydroquinone + Quincne ;:'....."‘ Hydroquinone«Quinone (Quinhydrone)
(about A6600 in orystal) 2

12. Iype boy + kmy

(see under n + kx, Part 9)

13. Iype n + xo
20,1 t-butyl alcohol + I, = t-Bu-aleohole I, (A2330) ¥
¢ Et,C + I, T= Et,0I, (12480) &
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Deho, and n°ke, 3 Theoretically, since almost cortainly EVOF¥ (C 0 for

TABLE IV (CONTINUED)

slaw

X0, and x6,¢ Py + I, &= PyeI, === [py1]*py + I"py; ete.X

(In pyridine solution, In Py*I,, Py may be acting as a mixed

n and by, donor,)

g 43
B0 + I, & E0°L, & [E,0I]%aq + I"gg
Ho0
&= HOI + H,0%aq + I"aq (and I"ag +

I, &= I,78q, ete.)
‘S an:!

NHy + I &= BgNeI, = [EN1]es + I"es
T FHE,I + NH,%es + I"es

14. Types g+§mandg_+.)£o-g-

EX (X = halogen) and probably for most HQ ard RQ, it 1s very prob-
able (of. Sec, VI) that loose dative ecomplexes of the type _x_x_o_l_'x_ma
and _x_x_ogd‘a in most cases do not exist, ILoose electrostatic com-
plexes, ©6.g., H~bonded complexes such as are observed for the D,A
pairs br,b” and hn,kP~~s60 under Type 19 in this Tadble~-~should,
however, be possible undor appropriate conditions. Formation of
anium ascids cr salts (_t_x_a‘d or _I_:_G‘d behavior) usually (if not alweys)
behavior), either by

occurs only with es asslstance (_I_x_o'o or ko

d a
formation of an ionie crystal or by solvation, For example, NHJJI"

solid, and NH,"sl + C17sl, arc stable, but individual NH,*C1~ mole-

4
cules in vapor (cf. W. H. Rodebusk and J. C. Michalek, J. Am. Chem.
Socs, 51, 748 (1943); also footnote y below) or in inert solvents

are apparently not stable (nor apparently is a loose complex NHsH:l
appreclably stable). It may be, however, that individual salt mole-

oules are in some cases stable without os assistance; for example,

perhaps Me,N*C1” and the 1like in benzene solution, and [n.:ezosj*cr'
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in vapor (see Pfeiffer, p. 81 of reference in footnote g_above)
although here possibly the associated vapor molecules are of struc-
ture Me,0¢HCl of the n+ko, type (outer complex of Fige. 1 and Sec-
tion IX).

a
H,0 + HCl -;—q-) H,0%es + Cl7es (o8 = aq)
0
H,0 + HBr —=2) H,O%es + C17+80, (g8 = S0,)
as
N + HOH &0 NH,*es + OH"es (e8 = aq)
5 4 STow 4

H,N + HC1 (vapor) =—e——) un{cr’ (solid) &

slow
Mo N + MeCl ———) [ue4u]*c1" (slightly soluble 3olid)

(in Bz or PhNO

o solution)

1. Iypen + 109

M920093015 + Py -9 PyBCl, + Me,CO

3 2

1
16. Types n' + xo) and a' + ho,

- — -
Iaq + I2 — I, 89
F7ag + HF —) HF,"aq (of. also bo* + ho below (Part 21) oconcerning
HCl, )
17. ZIypes n' + hoy, and n' + ko, L]

NH,"es + HCPh, —) NH, + CPh,"es
(in 1iquid ammonia solution)

Et0"es + HCH,O0Et == EtOH + [CH,00Et]"es

(in EtOH solution)

agI” + MeI —) IMe + I aq
slow -
8qQOH” + MeI «——-3) HOMe + I"aq
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aqCl™ + CI:IQ—-/CHQ —) 01—082—082—0'51 + HOH —9 Cl—CHa-—Cﬁz-—OH
N\

0 + OH a
") (ko) (n') (hey) =

18. Type bx + x0
bR, exo, 1 MBr + XX = uBz¥X (A2000) ¥

(MBz = various methylated bengzenes, XX = Cl,, Bry, I, IC1)

Y - z
MCH, + I, T= MC,H,+I, (A2700-3000)

(MCoH, = various methylated ethylenes)

Bg + Phacn — BzOPhscB

bry + X6,1 Bz + Cl, + FeCly — ((BzC1]*(FeC1,]™) — BC1+HA + FeCl,
CoR, + Cly + ALCly —) ([CoR,C1]7[ALC1,]7)
(double charge transfer reactions of type bxy + X0 + V)
19. 1Types bx + bo and bx + ko
QKQ'QOQ: There 1s evidence for loose complexes of the types bn *hJ,

‘ (e«g+, methylated benzenes with HC1)2& and br, *kd, (g.a.,Bz-HeOII).g'l-)
Thase, however, are almost certainly members of a large class of
weakly H-bonded o3 complexes,2% and not dative complexes. Presum-
ably the H of MeOH or of HCl is attracted by the somewhat nega-
tively charged cerbons of the benzene ring (the C—H bonds have
polarity C"HY). This would explain the inereasing solublility with
increasing methylation observed by Brown and Brady& for HC1l in
MBz, 8ince increasing methylation sends negative charge increas-

Y ingly into the ring., Brown and Brady attribute the effect to in-
creasing basicity, which would indeed give the same result, and

which (interpreting basicity as meaning charge-transfer donor
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strength) is indeed here believed responsible for the increasing

' atability with methylation of the superficially closely analogous

MBz + x2 complexes of type gx.ogd'.; but it appears improbable that

| charge~-transfer donor-acoeptor interaction is appreciable for typi-

cal ho and ko acoeptors without es solvent assistance (see remarks

above under Types n + héand n + k&, Part 14),

i bmy,h0,3 CoR, + HESO, o= [02114!{] s + H30,7es
(in sulfuric acid as es)
HF
3 Ar + BF == [ArE)*es + F es (or HF,"es) Lo
Ar + BF + BF, = (arB)*es + BF,"es
(in 1iquid HF as es) &2
PnMe + HC1l + BCl, & [MePnH]*[BC1," etc

(in toluene solution at low temperatures) af

20. ZIype be + xo
gd‘a-.x_o\a: Cyolopropane + Ip ‘_—_‘. cyclopropanmlz (A2400) z

| 21, Types be + he and b6 + ko
b0y,h0, t anisyl chloride + HCl —) (anisyl)* + HC1,™ (?)
(4n 1iquid HCl) 2

es

po —_—

S8 4 &8

(in sulfuric acid as es)

22, Type n + I_m‘*
; 3 . +
L nof: RN + H,0%agq —) [RyNH]* + B0

H,0 + [Hy0I*ag —) H,0%aq + HOI (¢f. Type n + x6, Part 13)

4B0y2 Possibly (%) NOLOH + HHSO, ——) NO,*es + HSO,"es +
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23. Types n' + p_d** and n' + g_o*
* -
.Qd‘dt MeC00"aq + Ha°+°—9» ) MeCOOH + H,0

* -
koy: OH"ag + Me,8%ag —) MeOH + Me,S
3t

24, Type bS, + k04

Ca metal + COCl*sl —) CO (from metal-C0?) + Ca**sl + C1°s

(in COC].2 solution)

25. Some Types Involving R or Q
8
%4-!*: B+H";1—)Hz* (in gas)

R, + k641 Na + MeCl —) Na’C1™ + Me (in gas)

8y -
n' + Q. Cl” + C1l - 012 (in gas)

b + Qe MBz + PhSC — MBz'PhSC

(MBz = methylated benzenes)

‘Rn +Q,: Na + Cl ~—) Na*C1™ (near A3000) 28

R, + Rt H+ H —) H, (Alolo) &2

Q, +Qyt I+ I =) I, (A1800) &8

R, + Qys H+ I — HI (est. A1280) ah

(These last four examples illustrate interatomic charge-trans-

fer spectra,)
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FOOTNOTES
For numerous examples of organic and organic-inorganioc molecular com-
plexes and compounds, mostly in the solia state, see P, Pfeiffer,
Organische Molekfllverbindungen (P. Enke: Stuttgart, 1927), 2nd edi-

tion,

For references and discussion of a great many examples of donor-ac-
ceptor reactions and their mechanisms, see L. P. Hammett, Physical
Organic Chemistry (McOraw Hill: 1940). For additional examples, see

"also Luder and Zuffanti, Ref. 6.

The expression "Res." means a mixture of equivalent structures of
the type given.
W. F. Luder (J. Chem. Phys., 20, 625 (1952)) describes on the one

band the 1l:1 reaction types n! +'z# eand n + v as neutrallzation pro-

cesses (e.g., ON™ + H* —) HON and Me,CC + BCly —) Me,CO4BCl,) and

2 3 2
on the other hand the types n +»g§a and n + lgh (esey HOH + HCN =)
nso* + CN” and Py + Me,COBCl, —) PyBCl, + Me,CO) as displacement

processes, with H* and BCl, in the first pair regarded as prima
primary

3
lewis acids, HCN and M92008013 in the second pair as secondary Lewis
acids (cf. Section I for related comments).

He C. Brown, H. Pearsall, and H. P. Eddy, J. Am. Chem. Soc., 72,
6347 (1950).

Ibid., and H, C, Brown and H. Pearsall, J. Am. Chem. Soc., 73, 4681
(1951); Re. L. Richardson and S. W. Benson, loc. oit., 73, 5096 (1961),
A. B, Burg and W, E, McKee, J. Am. Chem. Soc., 73, 4590 (1951),
Complexes of the type pﬁa-! are apparently in general weak, Regard-
ing AreAlX,, see R. E. Van Dyke, J. Am. Chem. Soc., 72, 3619 (1950).

L. J. Andrews and R. ¥. Keofer, J. Am. Chem. Soc., 73, 6733 (1951).

_C_f_. No N. Lichtin and P. Do Bartlett, _J:. ’A_n;o Chemo SOO., 1_3_, 5530
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FrOOTNOTES (CONTINUED)
(1951).
R. M. Keefer and L. J. Andrews, J, Am. Chem. Soc., 74, 640 (1952).

o

For the tolueneoAg*gg complex, Keefer and Andrews' analysis shows
(1) an absorption peak near A2650, of about double the intensity &nd
at slightly longer wavelengths than & corresponding peak of toluene
by itself; (2) rapidly rising intensity at shorter wave lengths to-
ward a much more intense veak (not reached) which might lie at adbcut
A2300, This second absorption is here tentatively identified as the
charge-transfer (toluene3Ag*) absorption. (Ag*gg also shows a strong
peak at somewhat shorter wavelengths, which may tentatively be iden-
tified with HzoéAg* charge~transfer.) In Ref,., 2, Fig. 56 suggests
that the (tolueneaAg*) charge~-tranafer peak might be expected near
A3100, However, in constructing Fig. 5, previously existing esti-~
mates of the solvation energy of Ag* (see for example O, K. Rice,

Electronic Structure and “hemical Binding (MoGraw Hill: 1940): on p.

402 the solvation energy of Ag' in water 1s given as 106 keal/mole)
‘ were overlooked., Making use of these, curve E of Fig. 5§ would be

raised by 1 or 2 ev (perhaps by 2 ev at large R and 1 ev at small R),
and could very well be consistent with a charge-~transfer peak near

A2300.

s

P. D. Bartlett, F. E, Condon, and A. Schneider, J. Am. Chem. So¢.,
66, 1531 (1944).
2 ¢f. He H, Sisler and L. F. Audrieth, J. Am. Chem. Soc., 61, 3392
(1939) for references and studles on this and related examples.
2 Brancnh and Calvin, The Theory of Organic Chemistry (Prentice-Hall:
g 1941), pe. 481,

1 J. Landauer and H. McConnell, J. im. Chem. Soc., 74, 1221 (1952).
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FOOTNOTES (CONTINUED)

H. McConnell and D. M. G. lLawrey, private communiocation.

w
I

2 L. J. Andrews and R. M. Keefer, J. Am, Chem, Soc., 73, 4169 (1951).

t . D. Saksens and R, E. Kagarise, J. Chem. Phys., 19, 994 (1951).

2 See K. Nakamoto, J. Am. Chem. Soc., 74, 1739 (1962), on polarized-
light spectra of this and other bx ckx  complexes in solid state.
(See text, Section II, for further details.)

X

Regarding Etzoolz, of. Re S. Mulliken, J. Am. Chem. Sos., 72, 600
(1950); 74, 811 (1952). In the first reference (p. 606), ¢ max for
' the A2480 peak was in error; it should be 7760. Confiymed by recent

work of J. S. Ham, extended also to (t-butyl aloohol)oI2 (see text,
Seotion III).

I

L. Fo Audrieth and E. J. Birr, J, Am. Chem. Soc., 65, 668 (1983);
Re A. 2ingaro, C. A. Van dor Werf, and J. Kleinberg, loc. oit., 73,
88 (19561)., See alaso footnote v above.

£ R. K. McAlpine, J. Am. Chem. Soc., 74, 725 (1952).

I as might be expected 1f this reaoction goes only with es assistanoce
‘ (of « discussion in text of table a few lines above), this reaction
goes only slowly, presumably through a oclustering mechanism which

permits cooperative ion-pair formation (cf. E. L. Spotz and J, O,

Hirsohfelder, J. Chem. Phys., 19, 1215 (1951)).

L. J. Andrews and R. ¥, Keefer, J. Am, Chem. Soc., 74, 458 (1952);
S. Freed and K. M. Sanoier, J. Am. Chem. Soc., 74, 1273 (1952), Vari-
ous suta*ituted ethylenes and butadienes, also (F and 3) cyoclopro-
pa.neoIz.

ti‘ﬂ He C, Brown and J, Brady, J. Am, Chem. Sos., 71, 3573 (1949): solu-

bilities of HCl in methylated benzenes. However, E. K. Plyler and
D. Williams (Phys. Rev., 49, 215 (1936)) found but 1little shift in

A kil e AL
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For a valuable review, soe R, P. Bell, Qu. Rov. Chem., 1, 113 (1947%)
— -d

b While Lewis's ideaa grew largely out of inorganis chemiztry,

e |
]

3imilar ideas were developed morc or less indepondently in the field of
organic chemistry, oulminating in lepworth's categories of anionoid anc
cetionoid reagents, or Ingold'a9 of nucleophilic and electrophilic roa-

. )
® C. K. Ingold, Chem. Rev., 15, 225 (1834), especially pp. 265-273;

J. Chem, Soc., 1933, 1120, especlally the footnote on p. 1121.

| R

gents., The latter correspond closely to Lewis's bases and acids, re-

spectively, excopt that they add reducing agcnts rather generally to

hi0

the former and oxidizing agents to the lattor. Usanovic also pro-

[ g
10 Usanovich in 1939 (see Ref. 6, p. 14, for a summary in English) de-

fines an acid as any substanco capable of glving up cations or of {
combining with anions, and a base as any substance capable of giving

up anions or of combining with catiens,
\ ' ) }

posed a similar classification. Luder and Zuffanti (Ref. 6, Chap. 4)
c elaborated an apprcach similar to Ingold's, but substituted the term
"electrodotic" for Ingold's "nucleophilic", Thoy stated that "both
acids [primarily in Lewis's senso] and oxidizing ogonts are electron
acceptors", and "are electrophilic [reagonts]"; and that "both bases
and reducing agonts are electron donors" and "are electrodotic [rea-
gents|",
In defining basic and acidic molecules, Lewis (although his
oessentlial idea seems to have bcon dlstinctly broader) emphasizod as

charascterlstic the sharing of an eloctron palir, furnished by the base

-

: "and accepted by an atem in the acid. Slidgwick adoptod the same defini-

tion for donors and acceoptors.
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TABLE IV (CONTINUED)
FOOTNOTES (CONTINUED)
the HC1l infrared fundamental for benzene solutions as compared with
HC1 vapor, whereas for other solvents (e.g., nitrobenzene, ethers)
large shifts were found: W. Gordy and P, C. Martin, J. Chem. Phys.,
7, 99 (1939).

L. H. Jones and R, M. Bedgecr, J. Am. Chem, Soc., 73, 3132 (1961).
Work by many zuthors. Some recent papers including key references
to earlier papers are: 8. Searles and M. Tamres, J. Am. Chem. Soc.,
73, 3704 (1951), and references on infrared spectra in footnotes

aa and ab.

Klott, Z. snorg. allegem. Chemie, 234, 189 (1937), M. Kilpatrick,

unpublished work.
D. A, HOCaulay and A, P, Lien, ‘G_To &o Chen, SOCQ, 73, 2013 (1951).

M. Kilpatrick, unpublished work.,
H, C. Brown and H . W. Pearsall, J. Am. Chem, Soc., 74, 191 (1952).
Cf. R. S. Mulliken, Phys. Rev., §1, 327 (1927).

Cf. R. S, Mulliken ard C., A. Rieke, Reports on Progress in Physios

(London Physical Society), 8, 249 (1941),
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III., IOOSE MOLECULAR COMPLEXES IN THE SOLID STATE
The structure of any loose l:1 molecular complex or compound

‘otween neutral closed-shell entities can be described in terms of wave-
2

functions essentially as followas

Py ¥ 8y, (B,A) + bq;l(s*—a") 3 (ia)

#here \PO(B,A) represents a no-=bond structure and 4}1(8*-—)\.") a dativo
structure for the donor-acceptor pair B,A., A more general expression
not limited to neutral closed-shell entities has already been glven at
the beginning of Section I (Eq. (1)).

' Eq. (la) is easily generalized to cover n:l and other caaea.?'

The faot that solid orystals are abundantly knownl? with the same 1:1

12 1

P. Pfeiffer, Organische Molekfilverbindungen (F. Enke: Stuttgart,

1927), 2na edition,

! -

(or in general m:n) ocomposition as for individual molecules of complexes
in solution or in vapor can also be understood., It is only necessary
to assume that even in such a crystal (the same applies also to an n:l
‘)r m:n complex) the predominant intermolecular forces are local, pair-
wise, donor-acceptor interactions between each donor molecule and 1its
nearest acceptor neighbors, and between each acceptor molecule and its
nearest donor neighbors. This assumption is quantum~-mechanically en-
tirely reasonable, and it appears safe to take the faoct of the very fre-
quent occurrence of complexes in soluticn and as orystalline solids with
the same stoichiometric composition, as very strong empirical evidence
of its correctness, I urther evidence from the spectra of solid ocom-
‘\lexos will be reviewed in Section IV. Cooperative effects involving
more remote neighbors (and finally the entire crystal) must also of

course exist, but apparently these are of secondary importance in
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typical cases.

As has been pointed out previously,z’3 donor~acceptor inter-
rctiona, even though relatively weak, should exist also in molecular
crystals built fram a single molesular species, and often these forces
should have orientational properties. In particular, they should tend
to cause aromatic mcleculeas to be stacked in such a way that the planes
of adjacert mclecules, although parallsl, are displeced from -eing

13

21roctly superposed. Trhis 13 what 1s observed in the crystuls buik

f -
15 Ref. 2, Secs. VII, VIII; end J. Landauer and H. McConnell, J. .

Chem. Soo0., 74, 1221 (1952).
S

of aromatic molecules of a single species and of aromatic molecular com-
plexea, Such molecules are often stacked like a pack of cards along an
azxic, but with the planes of the molecules all inclined to the stacking

axis.14 Examples of the two cases are the crystals of hexamethylbernzsne

. —
% K. Nakamoto, J. AZ. Chem. Soc., 74, 350, 392, 1739 (1952). These

papers include a convenient brief survey of several examvles illus-

trating the modes of packing of aromatic molecules in crystals.

3 ‘

(stacking angle 44°27!) and quinhydrone (1:1 quinone-aydroquinone;
stacking angle 34°), On the other hand, for the crystals of (CHzBr)SC6
(hexabromomethylberzene) the molecvles are strung dirs:tiy ebove one
another along the axlis (stacking angle 0°). This is undersiardable on
the basis of steric sffecta: the bromine atoms are so big as to keep

the benzene planes much farther apart than in hexamethylbenzene. One
may then suppoese that the charge-transfer orientational forces are large
enough in the latter, but too small in (CHZBr)GCG’ to ocanse stacking at
an angle. This explanation should, however, be considered for the pre-

sent a8 tentative.
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IV. CHARGE-TRANSFER SPECTRA
As has deen pointed out previoualy.g if Eq. (la) represents

khe ground state N of a l:l molecular complex, there must also exiat an
exoited state E with

\pE LY m{»(n’-A') - dY(D,A) . (4)

Then if, for example, the ground state has predominantly no-bond struc-
ture (5? » g?), this exoited state must have predominantly dative
suouocture, It was also pointed out that on the basis of quantum mechan-
158 the absorption ap;otrum of the complex must inoclude (in addition to
$::¢ individual spectra of D and A, somewhat modified by their interac-
iion) & band (normally in the visible or ordinary ultraviolet) corres-
ronding to an absorption jump from state R to state E, and characteris-

tioc of the complex as a whole. This was called an intermolecular

sharge=-transfer spectrum. Espeocially notable is the faot that the the-

ory prediots the possibility of highly intense charge-transfer absorp-

tion even for very loose ooqglexee.z

As a prime example, the intense absorption near A2800 in the
‘:speotra of the loose oomplexes of benzenoid hydrocarbons with molecules
of the halogens was discussed in detall in Ref., 2, Tentative identifi-
sation of an intense ultraviolet absorption of solutions of iodine in
ethyl ether as being a charge-tranafer spectrum of an ether-iodine com-

plex was also made.4

Unpublished work just completed by Mr. J. S. Ham
in this laboratory, showing that this spectrum definitely delongs to a
1:1 ether-iodine complex, supports this view, Mr, Ham has also measured
a new ultraviolet absorption in the speoctrum of solutions of iodine ir

i;i-butyl aloohol, and identified it as a charge-tranafer speotrum of a

1l:1 oomplex.
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During the past ysar, other investigators (especially Andrews
And Keefor) have published ﬁoyertl papers oh molecular complexes and
their speotra, in which equilidrium constants were determined and which
revealed the possible or proba®le presence of charge-transfer spectra.
The wavelengths of a number of such spectra are listed under the appro-
priate oomplexes in Table IV, together with literature references. In
many cases; the chargs-transfer identification was mentioned tentatively
by the authors of the papers cited.

In addition, there are numerous less recent papers on organio
complexes in which color changes have been noted, and a few for which
spectra have been mapped, Further, attention should be called to the

lLbaorption spectra of inorganic complexes and ions in solution and in

crystals, a subject briefly reviewed by Rabinowitch in 1942.18 Most

16 '

E. Rabinowlitoh, Rov. Mod. Phys., 14, 112 (1942), Review on elec-

tron-transfer and related spectra.
\ R |

of the spectra of stable complex anions such as nos', CBSCOO', uno4',

and of oomplex cations of similar stability, may best be considered as
tnomal molecular spectra, but it may be noted that normal molecular

spectre include interatonic charge-transfer apectm.l6 In addition,

% R

R. 8. Mulliken, J. Chem. Physpze 7, 201 (1939) and later papers, es-
Mo Yhem. IhysSge L

peclally R. S. Mulliken and C, 4. Rieke, Reports on Progress in

Physics (London Physical Socisty), VIII, 231 (1941).

|1 —d

anions in solutions, in particular simple ions like Cl™, contain spectra
which have long been attributed to electron transfer from the anion to
environning molecules, but to which Platzmann and Franck have recently

‘given an interesting new and rather different 1nterpretation.17 Earlier

9 R
!

R. Platzmann and J. Franck, L. Farkas Memorial Volume,

B SIS s Lok Loadoie
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(1926), Franck and collaborators had shown that the absorption spectra
of alkali halide vapors correspohd to an interatomic elestron transfer
rocess. Still earlier, the oconcept of electron transfer was used in
interpreting the spectra of ioniec cryatals.la The high-intensity short
wavelength absorption spectr& of many of the less stable cations and
anions in solution have been described by Rabinowitch as electron trans-
fer spectra.ls
In the earlier work, it was supposed that electron transfer

spectra occur only corresponding to trensfer of an electron from a nega-
tive ion (or perhaps an electron donor like HZO--gg, Table V of Ref.15)

to a positive ion. The more recent vorkle’z

corresponds to a broader
concept in which electron transfer spectra may occur corresponding to
electron tranafer between any two atomic or molecular entities, even 1if
these are uncharged. It appears protable that a re-examination of the
structure and spectra of complex ions frum the present point of view
will be very fruitful,

Returning to the organic complexes, a recent paper by Naka-

moto14 is of purticular interest. Nakamoto examined long wavelength

':spectra which appear to be the charge-transfer spectra of certain 1l:1

crystalline molecular complexes (emong others, quinone: hydroquinone),
in polarized light. For 1l:1 complexes between aromatic or unsaturated

® donors and n acceptors, the theory2

predicts that the eiectric vector
should bs polarized perpendicular to the planes of the two molecules
(which should be narallel to each other), and this is what Nakamoto
found, As was pointed out in Section III, it 1s reasonable to 3uppose

that the charge-transfer forces in such crystalline complexes act essen-

. tilelly pairwise between neighboring molecsules, The spectra should then

e similar to those for individual 1:1 complexes in solution, although
appreciably modified by cooperative effects involving non-neighbor

e e
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molecules. Thus Nakamoto'!s work appears doth to oonfirm the charge~
transfer interpretation of the chhAracteristioc speotra of molecular com=
lexes, and to support the idea of primarily pairwise-aoting charge-
transfer forces in orystalline complexes,

A further point of interest is that in aromatiesc crystals com-
pcsed of a single molecular apecies (e.g., hexamethylbenzene), althougch
the stacking of the molecules at an angle to the stacking axis (cf. Sec-
tion III above) 1s explainable by charge-transfer forces (and no other
explanation 1s evident), there is in the longer wavelength part of the
spectrum no charge-transfer absorption band like that for quinone-hydro-
quinone., This 18 theoretically not unreasonable, since for self-com-
tplexesls the charge-~transfer forces should be much weaker, and the
charge-transfer absorption in general much weaker and at shorter wave-
lengtks, than fcr the much atronger complexes between unlike molecules.
Whetker, however, the existence of sufficiently strong charge-transfer
forees to account for the stacking of the molecules of a self-complex
at a considerable angle is quantitatively compatible, in termms of the-
ory, with the absence of any indication of a charge-transfer spectrunm,
':is a matter which should be investigated further. Meantime, it may be
useful to assume this compatibllity at least as a guiding hypothesis in

further experimental studies.

V. THE STRENGTHS OF DONORS AND ACCEPTORS
The factors determining the strengths of donors and acceptors
in the formation of relatively loose addition complexes have been dis-
_cussed previously.2 The importance of low vertical ionization poten-
tials £Y°rt for strong donors, and of high vertical electron affinities
!:3Y°rt for strong acceptors, was stressed., It was pointed out that ;yert
and g7°rt should be taken corresponding to a nuclear skeleton which 1is

that of the actual complex. This is a eompromise (often a severe one)
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between the often very different skeletal structures that would oocur
for moleocules with electronié¢ struotures corresponding to the separate
lrsonance components 46 and 43 of Eq. (la). The importsnce of other
Tactors, in particular mutual approachadility, in determining interac-
tion strengths, was also emphasized. For example, approachability is
3specially good batween n (or n') donors and v (or 1#) acceptors, or
souween ® donors and t acceptors, but not between n donors and v accep-
tors,

When donors and acceptors interact not in the associative but
in the dissociative mode, the factors determining donor and acceptor

trengths are altered considerably. Leaving aside entropy factors for

the moment, the important factors can be seen by writing equatioﬁs for
the various terms involved in the net heat of reaction. For ionogenic
displacement reactions like (3), one immediately finds that low I (here
not Iyert) values are favorable for good donors, and high E (not §Y°rt)
for good acceptors,

Specifically, for the reaction of an associative donor D with
a dlssociative 6 acceptor RQ,

C D +RQ + 81 —) DR*sl + Q7sl , (3a)

the heat of reaction is evidently

EQ + Hq. + H pr* * (DDR* - DRQ) - ID

e (HDR++DDR+-ID) + (BQ--DRQ+EQ.) .

Similarly, for the reaction of a disscciative o donor RQ with an asso-

(3b)

ciative acceptor A (e.g., & Vv acceptor),

X

RQ + A + 81 — R%sl + QA"sl , (30)

the heat of reaction is
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EA + HR* + HQAL + (DQA“ - DRQ) - Ip

= (Hge = Dpe = Ip) + (Hyp~ + Dop= + Fp) o

@= Eas. (3b) and (3d), 1t 1s not IZT* and E]°T which matter, but I
and EQ in the former, IR and EA in the latter, The difference between

(3d)

the energy of the bond which is formed and that which is broken also
plays a part, but often one of minor importance, It is easily seen why
solvation of the ions 1s so often the decisive factor in making iono-
genic reactions possible, High bond and solvation energy for the ca-
tion formed from the donor (9,5., NH&* from NHS) are here favorable for
high donor strength; and low dissociation energy for the acceptor (e.g.,
!fKnJ and high solvation energy for the anion formed from it (e.g., Cl17)
are favorable for high acceptor strength,
As stressed by Lewis,® it is not feasible to arrange bases end
Lewis acids into unfque orders of strength valid for all Lewis acid-base
reactions, It is usually concluded as a corollary that it is futile to
try to arrange acids or bases in any universally valid quantitative or-
der of strength, except for acid and base strengths in the familiar
case of H-acids interacting with bases in solutions., However, with the
‘:oresent classification of donors and acceptors into a number of fairly
well-marked types, perhaba it will be worth while to see whether roughly
quantitative scales of donor and acceptor strength can be set up for the
interactions of donors of a partiocular type with acceptors of a partisu-
lar type; and then to look for different scales for other pairs of types.

VI. CONDITIONAL AND UNCONDITTONAL DONOR AND ACCEPTOR BEHAVIORS

—_
&8 For a general survey of reaction rates and mechanisms, especially in

solution, referencs may be made to L. P. Hammett, Physical Organioc
Chemistry (MoGraw Hill: 1940), and to Glasstone, Laidler, and Eyring,

—_— e e e pua | —a——am e, i d



>

»»

The Theory of Rate Processes (NoGraw Hill: 1941).
— J

Beyond the classifications given in Tables III and IV, donor-

acoeptor reactions may be characterized as either unconditional or sbso-

iute (ocourring between the members of the donor-acoceptor pair without
assistance, for example, in vapor or in inert aolvegta); or as condi-
‘iconal or contingent (requiring the presence of environmental coopera-
¢ ton e

19

Environmental cooperetive action™  may take various forms,

: 2 7
19 gee also E. D. Hughes' discussion (Trans, Faraday Soc., 34, 185

(1938)) of "constitutional effects..." and "environmental effects

in nucleophiliec substitution".
{ J

among which it will be oconvenlent to distinguish two principal cases.
One of these, designated "es" in Tables I-IV (see footnote o of Table I),
is that of essentially electrostatic environmental action. In the other,
two molecules of solvent and/or solute cooperate in reacting &s donors
or acceptors with a third molecule (for examples, see Tables III, IV).

Usually "es" involves definite attachment to the donor-accep-
tor reaction product of solvent molecules (solvation, usually with dis-
sociation into solvated ions) or else polymerization (formation of ion-
clusters in solution, or of an ionic corystalline solid). The role of es
in conditional reactims is to stabllize the reaction products sufficient-
ly to make the reaction possible.

The principal dissociatively functioning types of donors (Eﬁd,
Eph donors) and of acceptors (xd, Gh’ and dg'acceptora) seldom function
dissociatively without environmental ocooperation., Donors and acceptore
subjeot to this limitation may properly be grouped togetber under the

name of concitional dissociative donors and acccptors.




l5.
Irgold? sald: "roagonts which donate their elestrons to, or

share them with, a foreign atomic nuoleus may be termsd nucleophilies”;

I'thoae "whioh acquire electrons, or a share in electrons, previously be-

~

ionging to a foreign molecule or ion, may be termed electrophilio'.
jinder and Zuffantl (logc, oit.) stated that "an acid accepts a share in
»n electron pair held by a tase; an oxidizing agent takes over com=
2letely the electrons donated by a reducing agent," and made a corres-
ponding statemont regarding bases and reducing agents. It le prcposed
here to use Sidgwick's simple and almost self-oxplanatory terms "donor"
and "accoptor" to mean essentially the same things as Ingoldt!s "nucleo-
philic reagent" and "eleotrophilic reagent", or Luder and Zuffanti's
"eleotrodotio reagent" and "electrophilioc reagont",

More precisely, (eleotron) donors D ard acceptors A are here
defined as all those entities such that, during the interaction between

a partioular species of D and a particular species of é'entitios.trana-

fer of negative charge from D to A takes place, with the formation as

end-products either of additive combinations or of new entities; the

additive oombinations may be 1l:l, mgl, 1lin, or in general m:n combina-
tions,

This definition is one which becomos extremely natural when
one attempts to express the familiar ideoas of donor-acceptor intoraoc-
tion in quantum-mechanical aymbola.2 Tho wave-function Qlof the (stable
cr transitory) 1l:1 complex A*D then takes in general the approximate

fom

y o~ a%(w) + bqol(A"o") i (1)

with appropriate ionic or covalent dbonding (or no bonding) between D
and A, and between A and D*, depending on whether A and/or D are

closod-~shell molecules or ions,
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It will be noted that the terms "conditional®™ and "uncondi-

tional"™ desocribe alternative modes of functioning of donors and accep-

tors, just as do the terms "dissocilative" and “essociative", introduced
in Seoction II and Tables I-IV and indicated thers by subscripts 4 and
8+ It wouid therefore be appropriate to add furthsr subscripts, say

¢ and u; for conditional and unconditicnal modes respectively, leading
%o symbols such as iﬂha’ iabd’ gdkd, etc. In mcst cases, however, 0:.1Y
c22 of the alterncatives u or a occurs for any one donor or acceptor
class and suoclass, and so these subsoripts have been omitted in the

syrbols in Tables I-IV, Nevertheless under some circumstances, to in-

dicate speclial types of conditional functioning, it may prove useful to

employ subscript symbols, Symbols such as 503d’ 56; s XCO X

s,d’ = vyd’ -q;l,d’
ép&t,d’ are therefore suggested to denote, respectively, conditional
functioning of unspecified character, of electrostatic character, of
auxiliary v-acceptor character, of solvent character (pure es, donor or
acceptor, or mixed, in nature), and lonic-crystal-es character; with at

the same time dissociative functionirg in all,

It should further be noted that the n! donors and the x? and

'g* acceptors, being lonic, are seldom encountered except under es condi-

tions, However, in Tables I and II, this fact has been embodied in the

usual definitions of these types, For example, the anionic chiorine

donor 1is defined as Cl'gi, which may mean Cl™ surrounded by Nat (and so
on) in a crystal, or attached to a single Na' in vapor or in an inert
solvent, or hydrated C1° (Cl7aq) in water solution, With these defini-

3¢
tions, n' donors and g# and 4 acceptors are here regarded as uncondi-

tional,
#
A further point 1s that the "es" in an n! donor or ¥ acceptor
i1s intended in general to have qualitative rather than quantitative meen-

ing, so that, for example, 1t is not necessary to account for a fixed
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number of water molecules when A Cl"ag donor reacts.

8til11 another related point is the fac* that when an ion is

.solvatad, the solvatirg solvent molecules may .:u.ction eitner in a

purely es role as discussed in the two precedin; paragraplit, or in a
more or less atronglvy Jdonor or acceptor role, as for examplo, the two
NH3 in Ag*’ﬁﬁs)zgg. ard fhe 802 in Cl“Soz. If the solvenic molecules
function dciialtely as donors or acceptors, they are conccived of hero
ng fomiing integreted structural parts of larger entizlies, such as, feor

examplo, the og'acceptor Ag*(NHs)zgg, or the 63 Qono:> C1780 In prace-

o

tise, of course, border-line case: are frequent, In such cases, it may

be best to be guided by convenlerce, and to some axtsnt custom, aven at

the risk of arbitrariness. For example (cof, Tatle IV), Agfgg is most

conveniently regerded as a g# acceptor, rather than as a az
#*

like Ag*(NHq)Zag, even though it may be that the dd classification would
w

acceptor

be closer to the truth., Similarly, Cl'so2 may often conveniently be re-

garded llke Cl17ag as an n' rs.aer than a Gg donor. On the other hand,

it 1s probubly univise to clsaas the typlcal stable 0: asceptor Hsofgg as

#
a v accepuor (H'aq).

~ 6‘ »
" Conditional 3 acceptors (mcd

sush, strictly speaking, nct accaptors or Lewls acicu at all; it 1is

acceptors) like HQ or RQ are, as

r~eally not they, but HEQ plus 33 or RQ plus es, wnizh furcilon as 66d ac-
ceptors. Ti.i3 usval omission of roference tc es nay be considered as a
sonvention wlopted in the intzrest of simplicity. It is perticulurly
!mportant to remind oneself cf this when using the ordinar;y concept of
H-acids, a concept of whose very exlstence this tacit convention is an
intrinsic part.

Some types of donors and acceptors typlcally funotion only un-

-

conditionally, and others only conditionally. Acceptors of the x& sub-

class, however, although unconditional when functioning assoclatively
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(gpha acceptors), often act in the presence of ionizing solvents as con-
ditional acceptors (5p;d acceptors). Thus if iodine is dissolved in
water, it seems probable that unconditional formation of the loose re-
versibls g}gﬁh complex H20-I2 first occurs, very rapidly; and that then,
with the es assistance of water, reaction occurs over an activation
barrier to & structure H_OI*I (of n3xe, type), thence to HQOI*gg +

2
I%es; wheroupon the dﬁ acceptor [HQOI]+ is attacked by the n donor H,0
to form HOI + 830+53; end so on. There seems to be evidence that in
this complex and reversible series of donor-acceptor reactions, the 1io-
dine is present predominantly as Héo-Iz. In the example just discussed,
it will be noted that the water acts sametimes in an es role, sometimes

as an n donor.

VII. DETAILED COMPARISON OF DISSOCIATIVE AND ASSOCIATIVE
DONOR=-ACCEPTOR REACTIONS

To oclarify further the brief comparison in Section I between
associative and dissociative charge-transfer reactions, it is instruc-
tive to follow each of the reactions Eqs. (2) and (3) through from be=-
ginning to end in terms of a varying linear combination of two reson-
ance structuresl#o and @1 of the kind specified in Eq. (la). In both
reactions, a of Eq. (la) decreases and b increases as the reaction pro-
ceeds. To make matters fully clear, additional details are needed t»
desoribe the metamorphoses, during reaction, of the internal structures
of the original dmor and acceptor in +b and of their ions in\.Pl.n’19

For reaction (3), Eq. (la) becomes

\D N a\i)o(a 0,HC1) +b~+;1(n o" T HC1) . (4)

!:Iﬁere the formulation in terms of HCl1l™ 1s admittedly artifioclal, especi-

ally since EVeTt <€ 0 in the first stages of the reaction (see Table IV,

discussion under reaction-type 14), Actually, with detailed resonance
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structures given as in (5) below, no mention of HC1l~, or of qb or*+&,
is really essential., Howsver, the introduction cf the concepts which
these represent 1s valuab.e in showing the parcllslism between reactions
(2) and (3),
Neglocting some minor resonance structures, and leaving to be
tacitly understood the pressense and es aotion of the solvent, reaction

(3) must go somewhat as fcllowst

¢(H+O4H+o4o-08, H"'oZCl-oB) = 4}0(320, HCl) =

2

Yo? -

, 0.2 H_ 0,e000eesHboeoCL”

9;8_ H 0,.......H-—-Cl

2= B
+29 H,06—H c1 )
%’
HnO.....Ht....Cl'j

— (5)

.35
/,25 H,0%——HEe—3C1™)

&

H‘zpt. LX) OHHC,I f

€ {_5 Yy Hzo...u*,.......cfi

L&_S_ %: HZO:—-H ,oooooooCl-j

4}(H+.5H+.50-.5H+.'5, s0000 e oCl-l) = ‘P(Hso.’., s0000 00 Cl-) =t q.lt(%oyus(lm)-'s] )

The numbers preceding the indlvidual resonance structures are ro es-
timates of thelr relative weights, The symbtols —, ..., 8nd &= indi-
cate covalent bonding, electrostatiec attraction, and nonbonded repul-
sion respectively. The firat and last lines contain various types of

!isummary of the estimated detailed charge distributions in the 1nitial

and final stages.zo
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20 e structurs HQO..oH:—-Clj with estimated coefficient only 0,01

in the intermediate stage in (5), is mentioned here since, although

. unimportant in this example, analogous ctructures should be of con-
siderable importance in generel (for example, in Hzo + I and other

n + xd, reactions (cf, Table IV)),
- -

A comparison between various formulations of the initial and
final stages in (6) permits various descriptions of the over-all effocts
of the reaction. One point which is interesting (to the extent that
the estimates are correct) is that although the H_O molecule as a whole

2
donates 0.5e¢ to(the two parts of) the HCl, the O atom in H_ O donates

2
'only 0.36 of this, and moreover still remains negatively charged in the
final ion Hso+. Also, the Cl atom, in attaining its final charge of
-l.0e, starts with -0.2¢ taken from its original partner, plicks up a
further -0,3¢ from this partner during the action, and gains -0.5¢ more
' from the original Héo, of which the 0 supplies -0.3¢ and the two hydro-
gens each -0,le,
In scheme (5), the intermediate stage shown probably repre-
sents an activated state. In an analogous formulation of some of the
» other reactions in Table IV (see in particular reaction-types 13, 14,
! and 17 there), the intermediate stage certainly corresponds to an acti-
‘ vation barrier over which the reaotion proceeds slowly (rate measure-
ments have been made in many examples)s, The fact that reactions such as
(3) do not go in the vapor phase (cf. Table IV, footnote y) probably
means that wilthout solvent or crystallization assistance the final stage
of the reaction in which lons are definitely formed, although doubtless
lower in energy than the intermediate activated state, would be higher
| ‘1n energy than the initial stage before reaction. The way in which the

energy varies with degree of reaction would then correspond to curve I
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in Figure 1, below,
For comparison with (5), a similarly formulated desoription
cor the initial and final stages of reaction (2) is given in (6). Again

the roader is warned that the estimated numbers are very uncertain.

q)(82+o4o"08’ B+l.873-06) - q)o(ﬁao’ ws) ___)
planar
22 Y3 BoOu BFy
= (6)

28 s azot-nsps'

- i, *+0omes, B¥le3p ~7) = \I,[(Hzo)he(sps)-.e]
{v . pyramid

The fact that H,0°BF; is an extremely powerful H-acid, i.e., hg, accep-

tor (yielding, with a base D, DHfgg + (HOBF,) es), is readily under-

3
standable if the charge distribution in the final product is somewhat

a3 shown,

VIIi, SYMMETRIZATION
Attention should be called briefly to a familiar phenomenon

(—which is characteristic of the final steges of many donor-acceptor intor~

actions. \hen for lnstance a donor of structure RnZ interacts with a

gdh acceptor of strusture RQ to glve Rn+lz+ + Q~, the original donor

and acceptor at first approach without special cognizencs of the common
possession of R atoms; but during the last stages of the roaction, mrore
or less internal readjustment takes place in the R,Z strusture in such
a way that all n + 1 R atoms become equivalent, with some exira gein in
stability thereby. Processes of this kind and of the type RQ + YQn —

!;R* + YQn+l may be called symmetrization processes, Some tynical exam~

ples (sl = solvent) are:
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RX + BXy = R'31 + BX, 81

oy ™
C' nXR + QNRa — (NR“ X )n solid )

Cl7eg + ICl =3 IC1,7aq

Br's_l .

[ Br-sl + AlCl, = AlCl,
| |
4

‘The last example is typical of the frequemtlv occurring phenomenon of

i partial, or near~, symmetrization.

E IX. INNER, OUTER, AND MIDDLE COMPLEXES
. In a general oconsideration of the possible modes of interac-

i'tzion of a donor-acceptor pair, it is instructive to plot their energy
— of interaction U against a reaction coordinate C, Without defining it
precisely, let C be a quantity which increases continuously with charge
transfer (that is, with b/a in Eq. (la), subject to the added specifice-
tion that the nuclear skeleton be so adjusted for each value of C as to
make U as small as possible. Thus C may be called a charge-~transfer

reaction coordinate, or simply a charge-transfer coordinate. A convcn-

.1ent scale for C runs from C = O for b/a = 0 (donor and acceptor not

yet in contact) to C = 1.0 for some convenlient state of maximum charge

transfer. When (as is usual) U (C) has a high maximum (activation en-
ergy), or an elevated minimum between two equal high maxima, this point
may be taken as defining C = 0.5.

As compared with the geometrically defined reaction coordin-
ates used by Eyring, Polanyi, and others, the charge~transfer coordin-
k ate C 1s a little vague in that it is based on theoretical quantities
whioch are not accurately known, Frurther, its exact relation to geometri-
cal coordinates which change during a reaction is only roughly known;

nor is 1t certain that in every case C at all times increases during the

i o
_..'_.-.i., N e N Ry, — o
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actual path of a charge-transfef peaction, For the present purpose of
a general survey, however, C is extremely convenient in that by its use

.tho progress of a reaction can be completely specified in terms of a
single coordinate, with possible exceptions as just noted.

As exemples, reactions (5) and@ (8) may be considered. In (6),
C = 0 before the H,0 and HCl make ocontaot, C = 0.5 corresponds to sone
stage of the reaction where the H of HCl has moved part way toward the
O of H,0, and C = 1 to the final stage of solvated H

2 3
the nzo and HC1l are both neutral; at the intermediate stage (C probably

o*c1™, At Cc =0,

near 0,5) indicated in (5), the summary charge distribution is (8205*:5
(HCl)-'as; at C = 1, the distribution 1is estimated as (H20)+'5(HCI)-‘5.
l:In (6), C = O corresponds to neutral separate H,C and BF,, C = 1 to an
ostimated (H,0)**8(sr,)"8,
Figures 1 and 2 contailn several curves of U plotted against
C for charge-transfer processes involving a donor D and an acceptor A,
at least one of which is a closed-shell neutral molecule. The curves
are schematic but illustrate probably the main types of behavior. Fig.
1 corresponds to interaction without benefit of solvent or other assist-
(:ance. Fig. 2 is intended to 1llustrate the modifying effects of solvent
assistance., In the curves of both Figures, the left hand minimum may
be taken as defining C = 1. For exampls, C = 1 for NH3 + HC1I would cor-
respond to ionic but undissociated NK4+CI'. The process of elecirolytic
dissociation, indicated in connection with curves II and III of Fig. 2
by auxiliary curves, 1s consldered to proceed with C remaining essenti-
ally constant at the value 1.
The forms of the curves in Figs, 1l and 2 are based on a quali-
_tative consideration of the expected energy behavior with increasing C

{”of a varying succession of wave funoctions such as those 1llustrated by

(5)s Taking (5) as an example, it 1s convenient to start by placing

P P 7
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CAPTIONS FOR FIGURES

Figure 1. Energy ourves U(C) fcr unassisted interaction
(inert solvent or none) between a donor D and an acceptor A. (Qualita-
tive only; C = reaction coordinate, inoreasing from O toward 1 as Q?/gz

in Eq. (3) increases.,) The "outer complex" (C small), when present,

corresponds to b° & 32, the "ipner ocomplex" (C = 1) to _b_z'k' 52 or
2%y &%

Figure 2. Energy ocurves U(C) for ionioc-dissoclative interac-
tion between a donor D (e.g., NHS) and a dh acceptor HX. (The curves
would be similar for dh acceptors in general,) Curve I, unassisted.
Curve II, same assisted by a weak and rather low-dielectric solvent
(lower branch of curve is for dissoclation of DH™X™S into solvated lons
(S = solvent))., Curve III, like curve II but for strong and high-di-
elootric solvent. With the curves shown, little dissociation 1is ex~
pected with II, nearly 1004 with III. (In the figure as printed, D
should be substituted everywhere for B as the symbol for a donor mole-
cule, )

‘ Figure 3. Energy curves U(C) for charge-transfer reactions
of the type of Eqs. (8)-(9). "Middle complex" at C = O of curve III.

C = -1, O, and +1 here correspond more or less to C = 0, 0.5, and 1 of

Figs. 1 and 2, In each curve, shallnw depressions (outer complexss--cf.

Figs. 1 and 2) near C = +1 are an acditional possibility,
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Eq. (1) desoribes the partial transfer of an electron from D
to A; the ratio ba/hz, which 18 always between O and 1, measures the

texf.ent of tranafer. It does not necessarily demand either (1) sharing
of an electren palr, or (g) that the transferred electron shall come
striotly from one particular atom in D and go strictly to one partiou-
lar atem in A, However, it dnes not exclude these as important special
cases, Lewis's and Sidgwick's use of restrictions (1) and (2) in set-
ting up their formal definitions (cf. acids and bases, or acceptors and
donors), thcugh seeming natural at the time, has had some tendency to
inhibit others from making the fullest or freeast use of the inherent
. possibilities of the donor-acceptor concept., Also, without an explicit
.'quantum-meohanical formulation, the nature of partial electron transfer
has tended to appoar rather obscure; in particular, the validity of the
donor-acceptor interaction concept for explaining the many loose organic
molecular complexes has not always been seen in a clear light.2

Ingold's definitions dropped the first of the twe limitatims
in Lewis's, but did not clearly dispose of the seoond. The preaent de=-
finition, as given abcve in words and in quantum-mechanical form, defi-

‘;nitely drops both. In dropping the second limitation, it permits one,
in general, to think in terms of intemolecular donor-acceptor action
between molecules as wholes--an 1dea which may be considered as a gen-
eralization of that used by Dewar in his concept of n-complexes.

The simple quantum-mechanical viewpoint expressed in Eq. (1)
makes clearer the justifiabllity of the inclusion by Ingold and others
of bases and reducing agents in a single class (donors) and of lewis
aoclds and oxidizing agents in another (acceptors). It goes further in
_showing that there 1s perhaps even no fundamental need in terms of
theory to distinguish bases and reducing agents as subclasses of the

class "acceptor". These distinctions now appear as perhaps matters of
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the HC1l near the 320 with the H directly between the Cl and the O, and
with the Cl at a distance from the O equal to that in the (ionic but un-
dissociated) reaction product H30+Cl-. For this state of affairs, C
would still be only & 1littls larger than zero, If now C is allowed to
inorease, the H atom moves toward the O atom. The O-Cl distance,
though regulated only by the specification that it so adjust itself as
to keep U &s low as possible for any value of C, very likely remeins
nea»ly ccnstant., As C increases, U tends to increase because (1) the
nonbonded repulsions within *b (see (5)) increase; and (2) the amount
(E?/g?) of the higher-energy weve function 4& increases, O©n the other
hand, the following factors work increasingly to dimin':h U as C in-

t

*creases: (1) electrsatatic poiarization within 46 (increase of the

HZO,..Hf..Cl' resorance component); (2) decrease in the energy of *&,
because of increaslng attractions and decreasing repulsions as the H
moves toward tre O atom; (3) decrease in the energy Of‘Pl’ because of

"daetlve polafization" (readjustment of the relative proportions of the

resonance components--probably increase of H 01-Hé—901' relative to

2
Hzpt..HZ—9C1, the latter being probably at maximum importance near

| |

('g = 0),20 within qi; (4) rescnance between 4& and 46.21 Figas. 1 and 2

f —/
el In complex-formation in general, valence bond rearrangements such as
can occur without charge-transfer (as, e.g., in Hy, + I, -—) 2HI)

should also contribute to cutting down U by resonance,
= ]

differ in that the electrostatic forces of the solvent progressively
lower U (C), as C increases, in Fig. 2 as compared with Fig. 1.

The net cutcome of the factors just outlined should be curves
1like those in Fige. 1 and 2, the tyrical case being one with an "outer

~complex" (C small) and an "inner ccmplex" (C = 1), with a maximum (C =

0.5) between., These maxima, or barriers, may be identified with
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"activated OOmplexes" of chemieal kinetics., The inner complexes when
not inaccessidbly high, yet not stable enough to be end-products, may

'otton be identifiable with "reaction intermediates”.

In Fig. 1, additional variations would include curves with no
inner minimum, Another possibility is a curve like I, but with a small
barrier outside the outer minimum. An example is the loose IzoPr com-

plex (Pr = propylene), conocermning which it is reported2

22 ;

S. Freed and K. M. Sancier, J. Am. Chen. Soc., 74, 1273 (1962).
L J

2 that iodine in

solution at 77° K. in propane, an inert solvent, upon addition of Pr,

.develops the color of the I_¢Pr complex only slowly, indicating a small

2
outer barrier,

It seems probable that among n-donor, v-acceptor pairs, react-
ing without solvent assistance, examples of reaction curves of all thgs

types I, II, and III of Fig. 1, and/or variations of these, occur. For

a ocase like BCl3 + Nles, &e

23 !

This is supported by recent work of D, Garvin and G. B. Kistiakow-

type II1 seems probable; type I might be ob-

sky, J. Chem., Phys., 20, 105 (1952).

¢ .

tained for BR3 + NRs, using bulky R and R! group324 To cause steric hin-

r 1
24 See especially the papers of H. C., Brown and collaborators, mainly

in J. Am. Chem. Soc.
L )

drance.

The preceding discussion needs amendment in one respect,
namely, that beslides charge-transfer forces, additional attractive for-
ces--associated with the 46 component of the wave function-e-may partici-
pate in oreating loose complexes. For every pair of neutral entities

(A,B), London dispersion forces give cf course at least a weak van der
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Waals attraction. In addition, olassioal electrostatic forces must
tend to give loose complexes whenever A and/or B is an ion or has a di-

'pole moment, The so-called hydrogen boi’agz"5 f4lls in this category.

25 '

See L, Pauling, The Nature of the Chemical Bond (Cornell University

Press), Chapter IX,
L J

It is generally believed that hydrogen bonding is usually pri-
marily electrostatic, but often with some additional stabilization by

donor-acceptor forcas. In the extreme case of HF2' formed from HF + F<,

assisted symmeirized charge~transfer binding apparently predominates
l:over pure electrostutic binding. In a similar way, charge-transfer

binding apparently predominates over electrostatic polarigzation-binding

in the formation of I.” from I_ + I".26

3 2

26 b

Cf, G. C. Pimentel, J. Chem. Phys., 19, 446 (1931), for a discus-

sion (using nonlocalized-MO methods) of the lirear ions (FHF)  and

13' essentially as symmetrized charge-transfer complexes. (In Ia',
partlial trivalency of the central I atom probably elso assists.)
" J

‘; In many cases, 1t 13 difficult to sot up experimental criterla
to establish whether the stability of a given loose complex is due more
to purely classical electrostatic attraction or more or less to charge~
tranafer resonance, and theoretical considerations must be used., Some
interesting examples of probably purely electrostatic H-bonded .complexes
which simulate donor-acceptor complexes are discussed in Table IV (see
types bn + ho* and bn + k¢, Part 19 of table).

Instead of Figs. 1 and 2, another kind of diagram, in whioch
.values of the reaction coordinate C ranging from -1 to +1 are assigned,
is useful for certain charge-transfer reactions; in particular ¢<hose in-

volving n!' donors and x¢ or h¢ acceptors, for example:
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I"ag + I, == (II1)"ag ¢ I, + I"ag » (8)
l‘nd
HO"aq + MeI —) (HOMeI)“ag =——) HOMe + ITaq . (e)

Fig. 3 shows typical curves for reactions like these, Curves I and II
correspond to the case where the reaction proceeds continuously to the
right over an activation barrier or barriers, as in the typical dis-
placemént reaction (9), The stable complex ocourring near C = O in

cases like curve III may bo referred to as a "middle complex". This

corrosponds to the "activated complex" of Cases I and II and of Figs.
l:ﬁ.and 2. Reaction (8) corresponds to a special case of curve III of
Fig. 3 with equal values of U for large positive and negative values of
0.86
The relevence of Fig. 1 to the interactions of n donors witih
v acceptors has been discussed above. Figs. 1 and 2 are further especi-
ally appilicadle to the interactions of n and n donors with & acceptors.
In the absence of solvent or other assistance, these usually form loose
‘;1at1ve complexes (or, for ho and k6 acceptors, probably only H=bonded
connplexes or none at all--see discussion under reaction-type 14 in
Table IV)., These are "outer" complexes, but it seems probable that more-

or-leas-pure~-ionic "inner" complexes exist in all such cases (inocluding

those with ho and ko accevtors) as activated states, corresponding to

U(C) curves like curve I in Fig. 1 (the outer minimum should be omitted
for h6' and k6 acceptors), It may be, however, that in special cases,
the energy of the inner complex 1s nearly as low (of. curve II of Fig.
1) as that of the outer complex, or even slightly lower, so that both
forms may exist in equilibrium (see discussion under reaction-type 14

in Table IV for some possible examples),
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It will be noted that inner and outer complexes here corres-
pond respectively (with respect to at ;ggggvggg of the two partners) to
what have been called associative and dissocictive funotioning (sub-
scripts & and d) in Section II and the Tables--dissoclative in the
sense that a covalent bond originally present i1s broken or nearly broken
in the inner complex, even though in the absence of an ionizing solvont
the parts still cohere becaume of ionic attraction (and some residusl
covalence ).

With es or auxiliary-acceptor assistance ("conditional" funo-
tioning of the donor-acceptor palr--see Section VI), the curves of Fig.
1l are modified, the energy of the inner complex always being lowered,
z:so that 1f the assistaance is strong enough, the inner complex becomes

the stable form of the donor-acceptor pair (cf. curves II and III in
Fig., 2) In addition, more or less complete separation into independ-
ent solvated io