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Study of Gas Phase Ion-Molecule Reactions of CF," with Monosubstituted

Benzenes Using a Thermal-Energy Ion-Beam Apparatus

Masaharu TSUJI and Masato AIZAWA

Gas phase ion-molecule reactions of CF;* with monosubstituted benzenes have been studied

using a thermal-energy ion-beam apparatus.

On the basis of product-ion distributions and

energetics, the reaction mechanism of CF;* with monosubstituted benzenes was classified into the
following five cases: (1) PhX (X=H, CH,): molecular elimination from o complex , (2) PhX (X=0H,

CH,0H, CH,CH,OH, CH(OH)CH,, OCH,, NO,, F, Cl, Br, I)

. molecular elimination from

o complex or adduct ions formed by the attack on the substituents, (3) PhX (X=CHO, COCHj,, CN,
COOCH,): formation of adduct ions by the attack on the substituent, (4) PhX (X=C,H,, OC,H;,
COC,H;, COOC,H,): molecular elimination accompanied by Ph-C or C-O bond scission, and (5)

PhNH,: charge transfer.

1.¥% §

FBCERIEOEER 7O0CR A4 > 0EREE
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HETHES NKHRRORERN 5. ANRHIFA T &
T/ BN EORETFRIENTHP EBRPTE
SEDICHEETEINIDWTOARZEE., FREHR
T, BROREH & LT PhX (X=0H, C,H,,0H (n=1, 2),
CHO, COCH,, COOCH,, F, Cl, Br, I, CH,, COC,H,) iZxtd
DHFEREEROITEBINT B,
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o=, B 7O—HhD Ar (P,,)& CF, & DR
HHBBRIET CF'(X) ZBRONCAERSE, /)&
DEEKSENEXHBEREE B, RIEBRNOHRE
Mz EA 2 X 107 Torr, CF,* EREIOELRM#E T H
NWE—ZH 60 meV, KSKRE < 5 X 10°s THo
7o A A IUEBERNATRINL . ABAAX
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3.1. PhX (X=OH, CH,0H, CH,CH,0H, CH(OH)CH,) DR
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PIHAERR-T A > ikt & Table 1 I2F & D7, FBiT
BIF5EE A B3>, (A—-M) &1 4> »
S504F M BBETERT 514> &FHT.PhOH 12Xt
THIEERIA R FmAA 260 HF B4 >

(A—HF) & CF,0OH figf1 4> (A—CF,OH) TH -7,

(A—HF) & (A—CF,0H) O4mEi#H#% Scheme 1 (T
Y., (A—HF) 37~k 1 &FFVIATT>
2 OWMANSERTRETH S, (A~CF,0H) EFFV =
DAL ALOERE, THRIHL Ph—0 HEBRIZK -
TERLEDBDEEZSNS,0H RiFHBHRIZLON

Table 1. Branching ratios of product ions in the
CF4* / PhX reactions.

X Ionic productsa) Branching ratio® / %
OH (A-HF) 37
(A-CF,0) 5
PhOH* 5
(A-CF;0H) 53
(A-CF;0H) 67
(A-CF30CHj5) 15
CH, CH20H+ 25
CH(OH)CH; (A-CF;0H) 64
CH(OH)CH,* 36

2)A : Adduct ion. (A-M) : Product ions formed
from elimination of M from A. b)Experimental

errors were within 5 %.
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Scheme 1.

FUN KM BB AT S

0

CECBRANOREBTFRIGZEET 3. LoL, vU/<HE
thsitk 1 #RTHERT 5 (A—HF) O IKLIZR K 37 %.
FTFEIZILIT 2 28D (A-CF,0H) Ol Id
53% THd. ORI CF, ORETFHBIIEIZ OH
HETRZIBZIEEZREL TS,

SHA A2 —DFRIBICBT 3 OMmr > (7
YA 1 EAFVZILMAD 2) DERBRIEIHESR
BB X O BNFEXEERZT 2. TNY X, BIEE
BYORERETOF B ELXBR TSI &T, FHMM
A5 ORELRRICHTABHEIRNF—OF &
ZHENRBTENTESD, CF* Offtn& HF BifE. CF,0H
BN 2 KT RIIVF—K% Fig. 1 IZRT, 7
TEE 1 DR ETNICHE< HF BBEREIL.CF,0H i
HERL D BEVWI RN F—HEZ R TETITSXOICR
A5, TNREBRER LAV, f->T, V/<H
0 HF BHEERBICIBREREEILTRIILF—NEEL.
FDROTFI I LAF NS ORBEER D5
DANRKEL BB DEEIS NS, M
1 13 2) BEMEhaho/k. TNOA. FREB
BIcE->TELZAMAMA A ORBTXNFT —3DFH
BicfEbh-bDEERL .,

PhX (X=CH,OH, CH,CH,0H, CH(OH)CH,) IZxt§ 5%
K3 . PhOH EERICAF Y UL T DERETN
128 C—O #EEaBIcE D (A—CF,0H) OERTH>
. BIER®MTH 3 (A—CHFOH) . CH,CH,OH",
CH(OH)CH," i3> 7/ vtk #RA L TEMLAZ LR L
oo BRI RNE—FM S, PhOH EFERRIZS 7 < #EHN
SOBBERERBICIBVEEEIRXINF-—NEET S0
12 (A—CF,0H) DR ELBolLibml .

3.2. PhX (X=CHO, COCH,, COOCH,) DRIt
THIERA A > k% Table 2 1T &0z, 4K

1A E. WEhb I IAT > (A) Thol=. BlE

RiEL Ty ek % CHO'. COCH,", COOCH,

CF3*+ PhOH

®CF,
REACTION COORDINATE

Fig. 1. MNDO potential energy diagram for CF3* + PhOH.
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NEBME N/, PhX (X=H, CH,) ORIBIZBITB /<

$HikIIESIC HF 2Bl . Blflahiah-7=, CHO &,

COCH, #. COOCH, #id, WIhbBTHRIETHVE
FRFLOBFEEIARZN, THOX, HRAIh=zH
M1 &, OV v E TR AR<ERINMNEFN K
BlrEkad31 A THDEFHINS, RIETRIVF—K
% Fig. 2 ITRT. BEMMIA2 4 F T~k 3
LEDHEETHD., BRI HfMtms A > o0kt
80 % THDILE—HTD, HROKED PhX (X
=COCH,, COOCH,) iZxtL TdbEFoN, BRI F
5 BRABRICIXDACEARTZRILF—TREZN
T3, FRNOEBEICIIT hOV—DKXE#ES O
T, 4 BERT 3 ZDIKIRAB IR F—OKRENBE
Thd, LR A 0B EREEZ RS BHO

Table 2. Branching ratios of product ions in the
CF,* / PhX reactions.

X Tonic products  Branching ratio / %
COH A 85
(A-HF-CO) 5
(A-CF,0) 8
pPhCO* 1
CHO* 1
COCH, A 95
COCH5* 5
COOCH; A 80
(A-CF30CH;) 5
COOCH;* 15
F (A-HF) 46
CgHs™ 54
Cl (A-HF) 31
(A-HCI) 12
+
CgHs 57
Br (A-HF) 31
(A-HBr) 17
<+
CgHs 52
I (A-HD) 47
PhI* 28
CeHs™ 25

FUNKE B REY R £ FE R B i

T.NOE2-TH )20, 3=-RYY ) CORIETHAE
NTWBHRHESE KIS (radiative association) ' 4% 4
DEEICHEE L TS EREEATE VL,

3.3.PhX (X=F,Cl|,Br, 1) ORI
PIHIERR T A > 2l k% Table 2 12F &7, PhX(X
=F, Cl, Br) OKJ&TiE (A—HX) & Ph* 5, 13 1:1 O

#E&ETHWEN~, Phl EORIETIX. (A—HF 383
CF4 + PhCOH

m

L, CHO* F
< @ }_GHO* + PhCFg
> o CFa
& 3 O\
W ®C  CF,
w

4

0

REACTION COORDINATE
Fig. 2. MNDO potential energy diagram for CF3* + PhCOH.

Thd. (A—HD . CHy'. BB ENCLS Phl* M
ahi=. (A-HX) B/ <8E28TERL. CH® i}
NOF A4 F D EHETEI > TERLEEEZSN
%, PhX (X=CL,Br,) OKET (A—HCD . (A—HBn) .
(A—HD DR, ZOETHEMNT301,. C-X O
BEIRNF—A C—Cl (105 kcal/mol) >C—Br (79
kecal/mol) >C—I (57 kcal/mol) P DIEIZFTWL 2372 T
#3555, PhF ICHTBRIETRIF—R%E Fig. 3 IR
J. CH' OERBRIZ. V<K 5 OEREENIT
#< HF BEEERI VBB VWL I F-hE2& THEfT
TB5LIHICRAD. Zhid. (A—-HF) & CH;* D7l
HAFFELWI LR TS, ®2 T, U<k 5 »
50 HF BEEBRICEWEEEI RN F—NHB &0
T IR, PhX (X=Cl, Br, ) XL THREDHEN
Bonr, OHIMNT A RBR IR FOT, &
LRI F—RBHTHEECEDN b LR

3. 4, PhX (X=C,H;,, COC,H,) DRIt

VR4 A A > k% Table 3 I2FE &0 FERK
M& LT, PhCH, IZMLTIX Ph—C HEOMBEE/RS
(A—C,H,) & (A—C,H,—HF) H8#l&h, PhCH, iZxt
TEHEERTA S (A-HF) BRI Nh-7z, ZOH
BH&ELTIE Ph—CH, #&4 Ph—CH, H&XD BN
ZE BRUOIFLONBRERBBEERYTH DI LENE
Z5N3B, PACOCH IZML TIE C—0 HEDHmMRE ¥
%5 (A—CF,0) (Scheme 2) & (A—CF,0—HF) &
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ENERGY (eV)

Table 3. Branching ratios of product ions in the
CF;* / PhX reactions.

X Ionic products Branching ratio / %
C,Hs (A-C,Hy) 21
(A-C,H,-HF) 49
+
C,Hg 30
COC,Hs (A-CF,0) 16
(A-CF,0O-HF) 54
(A-CF,0-C,H3F) 8
+
COC,Hs 4
R CF3+ + PhF
o} m
P o+ HF F
m+ HF
2 el G
. p+HF
% @®CF,
REACTION COORDINATE

Fig. 3. MNDO potential energy diagram for CF3* + PhF.

®
CC) (:;FZ CZH5 e/F
—C-F -CF,0 (¢
CoHg—C---F of
Scheme 2.

& 4. PhCOCH, /T BELERA F > Th 5 EHFHINA
A2 (A BElahishof. ZHhid, PhCOCH, Txt
T AR A A2 DRB LRI F—05F BB D
NEZEEBKRT S,

4.1, BBERRISEDLLE

BRPICBIDHNHRhF A2 R &/ BERE
SREHIEE FR(L &Y D KIS Friedel — Crafts KR
REINZRETFERKIETHS (Scheme 3(a) D(a)) .
RETBERISOEEIIBRE X TKEFEL, BREEIR
SHEOBRIIEICHEIEINTWS 9, UL, BRAE
AT O FTHE OREF KISOBFEHIEIP /2, CF!

FUNKFEEY B R F O FE T R i

DEBRARE A FEEERBRLEYE OIS T,
CF,' OREBEFRIGREIREREF TR, BRER
UNTFORFIZHEH XN/ (Scheme 3(b)) ., > F<
SR Z R T ARIETIE, TN 2 TFH B T 0 8
Hah, BRERRICLZBHREfNEERET IR
T, ThITHE< 2 FBBEE KR LR SEE h
oo THHITMAT. BRE X £RIZF0O—EHOF &
RIS BNBEKS BRI N - BRFPITBIT 5 CF
DHEHREIRHLOT, ST TORESKIHES O
RS &3 ETERVD, SRS TIIRE FERK G
MERBE BSRDOPEBERIELOKRELMETH S,
CH, & PhH DR TH, TINS5 D H, ik
BRI EHBES SN ERD /A0 RE FEBER S
BEHXNTHAEN Y, 2R X, RETFEBRKIEE
I52WOIE CF' 88 OERTIRAZL, [BICBIT 2
CF,* ORBTFBEHRIEHE SHLELERIL. FEHIC
REERE W OERDBED 2O, BEBEICE->TVS
ZEMELZOND, HlZIECF X ORETER
RIS BT YN E—BLERN%ET—F TEH W
TEtET B L&, AH=4.66eV 715,

CF,' +PhH — PhCF,+H'-4.66eV (1)

—7. B TRV AEEAE (AlY,, Y i Br £7213
Cl) NEAETHEZDICARER H BERETIT, BE
gy ALkFE HY BERKT S (Scheme 3 (a) D(b)) ,
TR, RETFEBSOSSEEEINS LEwL .

4.2. RIBTRNF—E

BB O HIVRAFAL R EEJBERERECOXR
BFEBRERCHT 5 L)V F—K% Fig. 4(a)iz. CF;’
EE/BRACERHFEEEZRLLEYO SHERILIC
MITBLRILE-H%E Fig. 4b)ITFNFNRT. BH
SEENME LD, KRS EBAHRIGARE S TR F
—Hi3KkE<RILE, £7, BHSEERED E L
ITxNF—liE£E®ES . SHPORRIRRLD HE
WIRNF —RMERTHETTDE &b 5, BRT
TIIREFRE R MR BEMINTLDEND TR
72<, PhX ORHEVROGFH BHEMEINTNEDT,
R* & PhX ORETFHEREHIEhThTFEDONS.
H->T, VITHEBICBITFS R-PhX FHERHOLSNAR
REEND, e, BEPT R & PhX BEEETH E
R* ODBEMARIGREEICIEMEL . BIES T LORK
BMETT 5, ZOBKTHEBE SV HEOREE
LICHFELTWAHIEEENHB P, —FH, SHPTIEHE
wiEZ T ENEMD TRAE<. CF' & PhX O1F >
— W FHEEMAICE D, Y7 EERUE REM &
@ CF,—PhX #&3m<<angEltIhs, —Kic. 1
T —FEFHEERADOKEIT-F a2 (q E14 >
DEH, o3PS FOFER, r 3142 —HFHE
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X X X
R++©——>—+@+H+ (a)
R R
X X
RHN+©&@+HHN (b)
R

(Y =Cl B

Scheme 3(a)

X
—> 4TI (X=H, CHjetc.)
CF. :

3

F
x @ ,CF3

X
CE @ @ STt (X=OH, CH,OH efc.)
3 * — ——
BORHE 2B B
\ ( X=COH, COOCHj etc. )
X E72iE X O--HO5 EHZFUR (X=F, NOetc. )

EMBBE (X=NH, etc.)

Scheme 3(b)
X
IS
R,

reactants; 1
sproducts

Reaction Coordinate
Fig. 4(a). Reaction mechanism in solution.

reactants

internal energy T.S.

Fg &
®/C 3. % products

@l=d]

CF3

Reaction Coordinate

Fig. 4(b). Reaction mechanism in gas phase.

FUNK B REME R ET e iR

B THEA5NS, COREFAVWTHZIE CF'—~>
CHRORENRIRINF—ZFHETDHEN 1evEd,
OHEER TRV F—IckD, KEREZERLDBE
NI F—RNER DN, BHRSRERLDBE N
IRNF-MENERTEITTDEEINS S,
SHEBHIIBIBARBIRINF—FD, $5—DO0
EWE, SHRINTIE > 7 <8 3@t e n
S ORISR ESFIOE ST R F—NEE TS0
L. WHKINTE Y/ <#EoE s s V< ifkn
5OIRBED WA ICERAL TRV F —NEEL TWHI &
THd, FROXS i, BEP TRIBFES TFAEFELEL R
& PhX OERZEHETS. —F. [UHHPD CF,* 3L
AF L ELTHEELTWBDOARL ST, 14 > —FMEF
HEERICLSHEBSNRE N2 ZT5, THOA, &
HTOAY VHEEO ERBRICERIL IR ILF-1F
ET2EEILN., ThBRTHREEDOEEEXDFR
D—DEEZLNS,

4. 5

CF* &) BN E O RHEEREZRBILEMEOR
M1 A 2 — DFRIEEREINTHFFEL, THERTA4 >
S E ORI RINF - ERE Uiz, RIS $FEs F
FLEE/BRRCY CORMAL A2 - FRIEEER -
RN DN BEINTNEA ¥, ZBFEIR. &
HPICB T 2BMREE NTORTF OMRERFENICH &
L=#dTORITH S,

Table 4 13 CF," &F& /BB VO RFEKERR
Lo SHRIEE, XU BEBERE ERRE
AT OFF) NOREBEFRIE. HBBKE, EHEHK
fix, T (BRI E) IWHBLEHDOTH S, PhNH,
ERSE/ BREXRC Y UOFERERBLLAMEORIK
T, RETRIEPEERAT A 2D 80 % LILEZE
HO T, RETFRIENR Y CBREERE EHER
EATFORTF) KRB 288, BLToksicxsdd
ZENTES,

(1) ERBLUSNMH FA4 Tx T BEWY 1 MREE
L7s\y PhX (X=H, CH,, C,H,), nETBREOHEZRILA
¥ CHXX=NH,O,S) IZxd 5REFKITIE. KEHFAN
CYUER (EER) RIS,

(2) BFRSIDREBTHRENRZH TS PhX X=
NH,, OH, OCH,, OC,H,, F, Cl, Br, I) & PhX (X=CH,OH,
CH,CH,0H, CH(OH)CH,) IZx9 % RE FRitL. X2
CREBHREOHAICEID, ZOEGIRRE UL £5
BRERBICHTSEENE N,

(3 ETFEFIHEHTSD PhX(X=NO,, CN, CHO, COCH,,
COC,H,, COOCH,, COOC,H,) 1259 %REF KD KK
M. BRE (NToFET) KEIS,

1]
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Table 4. Mechanism of reactions of CF3+ with monosubstituted benzenes and heterocycles.

Branching ratio of each reaction / %?)

Electrophilic reaction

Reagent POtIeo:tli?ll't:)o 7 eV R ) :tro}:;t)em tr:)sfer t(r::)ff%:' 0;1}'1:(:3
CeHg 9.25 93.4 6.6
CgHs — CHs 8.82 84.3 7.8 7.9
- C,Hs 8.77 100
- C,H; 8.43 0-33.7 58.0 -91.7 8.3
-CH 8.81 0-76.9 16.9 -93.8 6.2
- NH, 7.72 0-215 6.6 —28.3 71.7
- OH 8.47 0-37.1 58.1 -95.2 4.8
- OCH;y 8.82 35.7 49.9 14.4
- O0C,H, 8.13 0-70.9 13.7 - 84.6 15.4
- CH,OH 8.50 100
- (CH,),0H 9.399) 25.2 74.8
— CH(OH)CH, 9.469 36.0 64.0
-F 9.20 54.4 45.6
-Cl 9.06 421 57.8
-Br 8.98 48.0 52.0
-1 8.69 473 25.1 27.6
- NO, 9.86 100
-CN 9.62 2.5 97.5
- CHO 9.49 5.4 93.3-946 0-1.3
- COCH,4 9.29 5.0 95.0
- COC,Hg 9.16 4.0 77.9 - 96.0 0-18.1
- COOCH4 9.32 15.0 85.0
- COOC,Hy 8.90 100
CsHsN 9.25 5.2 94.8
C4H,—-NH 8.21 80.0 20.0
-0 8.88 82.6 13.8 3.6
-S 8.87 96.0 4.0

a)Experimental errors were within 10%. P)Ref. 17. C)Electrophilic attack to benzene ring or heterocycle.

d)Electrophi]ic attack to substituent or heteroatom. e)Average values calculated by semiempirical MNDO,

AM]1, and PM3 methods.
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BHENAAMERTF vV EETS PhNH, ORK
BT, BRBEIRGICXDES TN 24ERT 4
G D 71.7% EEHTWE, CF' OBTFHEEST
FNF—89eV LUNRTENWAAMLRT v VEH
TEHFITHT2ERBEIRKINO L%, Table 5 12
FLok, 1AMERTFI v I ORES L ERNBEK
O ORI HERE = 2 BB RIER s Nisho 72,
—RIT, [T A2 - D FRINCB T 2 BHBBREIL.
ITARNF—MIEBBERICH B EERERIODDPTNT?, Ln
L. CF' &® /BRI PHFERERBLLAHE D
BRHBBRINE, TRIILF 2L BHERICHDEELD
H, RARNKEL, XOBENT RXINF—RENERT
HEEZDRTVEENSESNE,

CF' L&/ BNV RHEFRERBILAEMEDOK
IRICBT B AR A . BRE. 1A 1L
RFETv b, RIRT RNF—RIEELTBD, RO
S5DIHETE,

(1) PhX(X=H, CH,), C,H,NH, C,H,S
SHIBENSORTFREBBERETHD ., P H
HWITAEC AR TR F—RBEBERICTRINF —ERZ S
EoizEbns (Fig. 5(a)5HR) .

(2)PhX (X=O0H, OCH,, CH,0H, CH,CH,OH, CH(OH)CH,,
F, Cl, Br, 1, NO,)
NS DT LS B REAmME S5 D5 F
Bidte (E/-REBRE X OFlEHE) MFFFACH, B
ENS DR (F/213 X DF|&KE) BERKTH 3,

Table 5. Relationship between ionization potential of reagents
and branching ratio of charge transfer.

Reactants

. E AR

[onization potentiala) / Branching ratio for

Reagent eV charge transferb)
C,H0 8.88 0
C,H,S 8.87 40
CgHs - CH, 8.82 79
-C,H 8.81 6.2
- CyHs 8.77 0
-1 8.69 27.6
- CH,OH 8.50 0
-OH 8.47 48
- C2H3 8.43 83
C,H,NH 8.21 200
CgHs - OC, H; 8.13 154
- NH, 7.72 7.7

DRef. 17. b)Experimental errors were within 10%.

UK B AR B R £ SRR
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Reaction Coordinate

Fig. 5 (a). Reaction mechanism for
PhX (X=H, CH3), C4H4NH, C4H,S.

CF.
Y
(@ J~(O]— e
CF3
Reactants

Reaction Coordinate

Fig. 5(b). Reaction mechanism forPhX (X=0H,
OCH;,, CH,OH, CH,CH,0H, CH(OH)CH,, F, Cl, Br, I, NO,).

® /CFi ® , CF3
O]— 0~
Reactants
st
mEgamT 'y
E 1 Rl —

Reaction Coordinate

Fig. 5(c). Reaction mechanism for PhX (X=CHO,
COCH3, COOCH3, CN), CsHsN.
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O FFAOfHMEZNIZHE 2 FHBE (E=l3nNoy >,
NO, DB &R E) ITHT DB RNF—NT T <
NS DOBHMED DD X DENED, REE IRBEBRE M
kN S OBBENEFIE /25 (Fig. 5(b)BR) . GIHM
A ONHLRI F—IERETRIIF—2BRI 2
eDicfFEbis.

('3) PhX (X=CHO, COCH,, CN, COOCH,), C,;H,N

B (NTORT) BRI 39084 mrA 0%
RMERIETH D, AT RIIF—2HEL THRET S
HENEN 2OEHE TR F— BB ENTER
W (Fig. S(c)B1) .

(4) PhX(X=C,H,, OC,H,, COC,H,, COOC,H;)
Ph—C #EEXIF C-0 HEOHEEMNLD 5 FIisE
MERIETH S,

(5) PhNH,
BOLEVWERBERCPERIRTH 5.

752, AFL 2. TFINRECORBELEE D
B (1) THEYT S, 7500 RISTIEME —, BRE
F-RRENNENE N, £ AFLY IF
ZIURE COREE BT S 0I1ITE, Rk E
72 abinitio tEDX 57, XOBEOEWIENLE
THb,

x M
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